Pilot-Scale Constructed Wetlands Combined with Phosphorus Removing Slag Filters for Treating Dairy Wastewater by Lee, Martin
University of Vermont
ScholarWorks @ UVM
Graduate College Dissertations and Theses Dissertations and Theses
10-2-2009
Pilot-Scale Constructed Wetlands Combined with
Phosphorus Removing Slag Filters for Treating
Dairy Wastewater
Martin Lee
University of Vermont
Follow this and additional works at: http://scholarworks.uvm.edu/graddis
This Thesis is brought to you for free and open access by the Dissertations and Theses at ScholarWorks @ UVM. It has been accepted for inclusion in
Graduate College Dissertations and Theses by an authorized administrator of ScholarWorks @ UVM. For more information, please contact
donna.omalley@uvm.edu.
Recommended Citation
Lee, Martin, "Pilot-Scale Constructed Wetlands Combined with Phosphorus Removing Slag Filters for Treating Dairy Wastewater"
(2009). Graduate College Dissertations and Theses. Paper 135.
 PILOT-SCALE CONSTRUCTED WETLANDS COMBINED 
WITH PHOSPHORUS REMOVING SLAG FILTERS FOR 
TREATING DAIRY WASTEWATER 
 
A Thesis Presented 
  
by 
Martin S. Lee 
to  
The Faculty of the Graduate College 
of 
The University of Vermont 
 
In Partial Fulfillment of the Requirements 
for the Degree of Master of Science  
Specializing in Civil and Environmental Engineering  
 
 
 
 
 
May, 2009 
 
 
Accepted by the Faculty of the Graduate College, The University of Vermont, in 
partial fulfillment of the requirements for the degree of Master of Science, 
specializing in Civil and Environmental Engineering. 
Thesis Examination Committee: 
G%- Advisor Donna M. Rizzo, P~.D./ I 
~ leksanbra  Drizo, P~.D.  
Nancy ~ a ~ d e @ . ~ .  
Chairperson 
/3& LLG A Ah C C ~ ~ ~ L I .  Interim Dean, Graduate College 
Patricia A. Stokowski, Ph.D. 
Date: March 27,2009 
   Abstract 
Pilot-scale constructed wetlands (CW), with electric arc furnace steel slag 
phosphorus removing filters were built and implemented for treating dairy wastewater on 
the Paul Miller Dairy Farm at the University of Vermont.  Two distinct CW types were 
used in the study, hybrid and integrated.  Hybrid CWs consist of more than one CW in-
series, and in this research three hybrid CW systems were tested.  Two hybrid CWs used 
a vertical saturated flow (VF) CW followed in-series by a horizontal saturated flow (HF) 
CW.  One hybrid CW used a HF CW followed in series by a second HF CW.  In this 
study, three integrated CW systems were implemented which consisted of a CW followed 
by a phosphorus removing slag filter.  Two integrated CW systems consisted of a VF CW 
followed in-series by a saturated horizontal flow slag filter.  One integrated CW system 
consisted of a HF CW followed by a horizontal saturated flow slag filter.  All individual 
CWs and slag filters had the same dimensions; a length, width, and height of 1.7m, 1.1 m, 
and 0.5 m, respectively.  CWs were filled with 2 cm diameter gravel, topped with 3 cm of 
compost, and planted with river bulrush (Schoenoplectus fluviatilis).  Slag filters were 
filled with 2-5 cm diameter slag, having a porosity of 0.42.   
From August to December of 2007 the six CW systems were fed with a pulse 
flow of dairy wastewater with a hydraulic loading rate of 1.9 cm/day.  This gave a 
nominal retention time of ~10 days for each CW system.  From May to September of 
2008 the flow was changed to a continuous inflow, and resulted in a hydraulic loading 
rate of 3.9 cm/day.  A nominal retention time of ~5 days for each CW system was 
calculated.  Weekly monitoring was carried out for five-day biochemical oxygen demand 
(BOD5), total suspended solids (TSS), ammonium (NH4
+
), dissolved reactive phosphorus 
(DRP), and pH. 
Integrated CWs and hybrid CWs were monitored for their ability to treat dairy 
wastewater.  The analyses focused on determining if there were important differences in 
pollutant treatment efficiencies between the two distinct systems.  Time series temporal 
semivariogram analysis of the measured water parameters illustrated that different 
treatment efficiencies existed in the beginning of the 2008 summer (early summer) 
compared to the end of the 2008 summer (late summer).  Furthermore, the CWs were 
found to have significantly different (p-value < 0.0001) treatment performances, in terms 
of TSS and BOD5 removal, from early to late summer 2008.  Integrated CWs remove 
significantly more DRP than hybrid CWs (p-value < 0.05).  During the late summer of 
2008, the integrated CWs removed significantly more ammonium (p-value < 0.05) then 
all other CW systems.  Hybrid and integrated CWs were both efficient in removing 
organics, but the hybrid systems were significantly (p-value < 0.05) more efficient during 
the period of highest macrophyte biomass. 
 Mechanisms of pollutant removal in these CW systems were further analyzed.  
Ultimate BOD laboratory experiments were used to determine the maximum amount of 
biologically available organic matter and the corresponding rate constants for the removal 
kinetics of organic matter in the dairy wastewater.  Geochemical modeling of the 
minerals that form on steel slag show that hydroxyapatite controls the activities of 
phosphate and calcium ions.  The geochemical modeling results show a similar finding to 
field results, because as the wastewater:slag ratio decreases the pH increases (pH > 11) 
and phosphorus is removed. 
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Introduction 
Effectively treating agricultural wastewater at an affordable cost is not yet 
feasible.  The use of pilot-scale constructed wetlands (CW) with and without slag 
phosphorus (P) removing filters as a possible low cost solution for treating dairy 
wastewater in Vermont was investigated with this study.  Although CWs have been 
around for a long time some of the first, published research on CWs in the 1950s was 
performed with dairy wastewater in Plon, Germany (Kadlec and Knight, 1996).  
Constructed wetland research has evolved over the last half century into an 
interdisciplinary field with a wide range of motivations and perspectives, but the main 
focus has always been to improve water quality.   
Today, water resources are becoming increasingly impaired and in Vermont a 
large problem is eutrophication of Lake Champlain caused by excess phosphorus (P) 
loading (USEPA, 2000; VTDEC, 2002).  Phosphorus is the limiting nutrient for algae and 
unwanted organisms, such as toxic cyanobacteria, in many freshwater bodies globally 
(Schindler, 1977; Hecky and Kilham, 1988); and is more difficult to remove as compared 
to nitrogen and organic carbon, because P does not have a gaseous cycle (Mitsch and 
Gosselink, 1993).  This research draws from the literature of CW research and 
wastewater treatment and encompasses both well established CW systems and more 
cutting edge P removing filters. 
 Pilot-scale saturated flow CWs were built and operated at the University of 
Vermont Constructed Wetland Research Facility on the Paul Miller Dairy Farm  to treat 
dairy effluent with a high concentration of orthophosphate (as dissolved reactive 
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phosphorus), organic matter (as five day biochemical oxygen demand), and nitrogen 
(specifically ammonia).  The efficiency of three hybrid CW systems in treatment 
performance were compared to three integrated CWs.  Hybrid CWs are multiple CWs 
operating in series.  Two CWs in series were used for this study.  Hybrid CWs are well 
established systems that have been used successfully to treat wastewater in a wide variety 
of applications (Vymazal, 2007).  For this research, integrated CWs are defined as a CW 
followed by an electric arc furnace (EAF) steel slag P removing filter.  Both the hybrid 
and integrated CW systems were monitored weekly for water quality parameters.   To 
determine distinct differences in the measured parameters of CW systems over the course 
of the CW operation period, a time series analysis, with use of temporal semivariograms 
developed from Issaks and Srivastava (1989), was used to analyze the extent of auto-
correlation in the measured water quality parameters.  Seasonal changes in CW 
performance is intrinsic to CWs operating in temperate climates (Kadlec, 1999); and it is 
important to separate data into seasonal or monthly averaging periods to dissipate 
stochastic variation, while still considering seasonal change (Kadlec, 2000).  In 2008, the 
measured water quality parameters of interest were separated into two distinct time 
periods prior to an analysis of variance (ANOVA).  The ANOVA determined the 
significant differences that existed in the varying CW designs used in this research.  In 
addition to statistical analyses on water quality parameters, the mechanisms of P removal 
by slag filters were investigated through geochemical modeling.  Understanding the 
mechanisms of P removal in slag filters is imperative for proper designing of slag filters. 
Ultimately this research was performed to meet the following objectives: 
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1.  Distinguish the seasonal differences in the CW treatment performance, so that 
measured parameters might be grouped into different time periods before being 
analyzed with traditional parametric statistics; 
2. Evaluate the differences in treatment performance between hybrid and integrated 
CWs for treating dairy wastewater; and 
3. Use geochemical modeling to investigate the mechanisms of P removal in steel 
slag phosphorus removing filters. 
1.1. Motivation and Background 
Federal and Vermont state agencies have placed a focus on reducing P loading 
into Lake Champlain (USEPA, 2000; VTDEC, 2002).  Recent land-use analysis shows 
that approximately 39% of P loading within the Lake Champlain watershed is from 
agriculture (Troy et al., 2007).  Sub-watersheds, such as Mississquoi Bay (Figure 1) have 
more agricultural land-use and therefore have higher (68%) agricultural P loading (Troy 
et al., 2007).  Across the US, agricultural runoff continues to impair freshwater bodies; 
45% of assessed lakes, reservoirs, and ponds are impaired for one or more uses (USEPA, 
2000).  It is estimated that 40% of all impaired water bodies in the US are from 
agricultural sources (USEPA, 2000), which degrades the use of water for drinking, 
industry, agriculture, recreation, among others (Carpeneter et al., 1998; EPA, 2000). 
Eutrophication in water bodies is generally caused by the excess loading of 
nitrogen and P from agricultural and urban sources (Carpeneter et al., 1998; USEPA, 
2000).  Studies have shown that P is a limiting nutrient for unwanted microorganisms, 
such as cyanobacteria, in freshwater bodies (Schindler, 1977; Hecky and Kilham, 1988).  
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Current regulations for the reduction of agriculture pollution are generally in the form of 
best management practices (BMPs) which are not very stringent for the small scale farms 
throughout Vermont (AAFM,2008).  The diffuse nature of agricultural non-point 
pollution makes mitigation difficult to enforce, and efforts for quantifying pollution a 
challenge (Carpenter et al. 1998; Hart et al., 2004).  Developing methods for controlling 
non-point pollution and confined agricultural practices remains an important focus for the 
alleviation of eutrophication in our water bodies.   
Constructed wetlands have been tested in the US over the last 20 years as a 
possibility for treating agricultural wastewater (Cronk, 1996; Knight et al., 2000).  
Multiple case studies on the performance of CWs for treatment of livestock wastewater 
have been published (e.g. Cronk, 1996; Knight et al., 2000; Newman et al., 2000; 
Schaafsma et al., 2000; Hunt and Poach, 2001; Mantovi et al., 2003; Jamieson et al., 
2007).  Research on treating agricultural wastewater has focused on confined operations, 
such as swine or dairy operations, which are large contributors to point and non-point 
pollution (Cronk, 1996; Newman et al., 2000).   
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Figure 1: Annual mean total phosphorus concentrations (mg/l) in different Lake 
Champlain segments from 1990-2001.  The horizontal lines represent the in-lake criteria.  
The figure is from the 2002 Lake Champlain Phosphorus Total Maximum Daily Load 
Report (Vermont Agency of Natural Resources Department of Environmental 
Conservation and New York State Department of Environmental Conservation, 2002). 
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1.2. Water Regulations for Dairy Farm Operations in Vermont 
In Vermont there is an estimated 140,000 adult cows on dairy farms according to 
the 2008 Vermont Agency of Agriculture, Food and Markets (AAFM).  There are only a 
handful of large farm operations (LFOs) in Vermont.  These LFOs (dairy operations with 
>699 cows) have the most stringent wastewater regulations, and they are enforced 
regularly by both the Vermont Agency of Natural Resources Department of 
Environmental Conservation (VT DEC) and the United States Environmental Protection 
Agency (USEPA).  These larger dairy operations have to comply with the VT DEC 
Indirect Discharge Rules (2003) (e.g. Table 1).  There were 155 Medium Farm 
Operations (MFOs) in 2008 compared to the 200 reported in the 2007 VT Act 78 Annual 
Report (AAFM, 2008).  It is estimated there is $8,800,000 of water quality related 
improvements needed for the existing MFOs (AAFM, 2008).  The improvements needed 
on MFOs are associated primarily with manure storage, barnyard runoff diversion, and 
silage leachate.  As the number of animals on a farm decreases the cost of implementing 
adequate water quality improvements generally increases. 
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Table 1: Criteria for some water quality parameters (effluent in mg/l) that are enforced 
under the VT DEC Indirect Discharge Rules (2003).  The total nitrogen values, 15 and 
25, correspond to effluents from small aerated lagoons and large aerated lagoons 
respectively. 
Parameter Septic Tank Secondary Tertiary 
Biochemical Oxygen Demand (5-Day) 175 30 10 
Total Suspended Solids 60 30 10 
Total Dissolved Phosphorus 8 5 0.5 
Total Kjeldahl Nitrogen 50 N/A 5 
Ammonia (as N) N/A N/A 1 
Nitrate nitrogen N/A N/A 5 
Total Nitrogen (as N) N/A 15 / 25 N/A 
 
Small scale farm operations (SFOs) make up the largest percentage of farming 
operations in Vermont (933 SFOs exist in VT, according to the ACT 78, 2008 Annual 
Report) and they also have the lowest participation in water quality related best 
management practices (BMPs).  One incentive for remaining under the animal number 
threshold for MFOs (<200 cows) is SFOs do not require coverage under the MFO 
General Permit that was implemented in 2007.  The General Permit does not allow for 
any direct discharge into water bodies, but instead requires on-site nutrient management.  
The total estimated cost for implementing all of the water quality related BMPs, from the 
MFO General Permit, on the SFOs in Vermont (Table 2) is $47,327,800.  Over 70% of 
SFOs do not have the needed roof runoff systems, over 60% of SFOs need to implement 
a nutrient management plan, 50% of SFOs need to implement BMPs for waste storage 
and milkhouse treatment, and 30% of SFOs need BMPs for silage leachate (AAFM, 
2008).  Currently the SFOs are regulated under the less stringent Accepted Agricultural 
Practices (AAPs) but some of the SFOs have voluntarily implemented nutrient 
management plans that go beyond the AAP regulations (AAFM, 2008).  
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The UVM Paul Miller Dairy Farm is a SFO and the pilot-scale constructed 
wetland systems in this study are intended to show viability as an alternative BMP for 
dairy farms.  The use of special substrate (steel slag) for removing phosphorus from the 
wastewater is a novel approach to livestock wastewater treatment that is used in this 
research.  Investigating methods for controlling phosphorus is pertinent to Vermont‟s 
problems of excess nutrient loading from confined livestock operations. 
Table 2: Various Costs for water quality improvements on Small Farm Operations (from 
Act 78 Annual Report, 2008). 
Best Management 
Practice Number 
Percentage 
of total 
Cost for 
implementation 
Total Cost for 
all farms to 
have BMP 
Manure Storage 
35,442 
cows 50% $450/cow  $15,950,000  
Milkhouse Waste 
35,442 
cows 50% $125/cow  $4,430,250  
Clean Water 
Diversion/Barnyard 
Runoff 
53,163 
cows 75% $335/cow  $17,810,000  
Silage Leachate 
280 
farms 30% $18,500/farm  $5,178,150  
Nutrient 
Management Plan 
606 
farms 65% 
based on Farm 
acreage  $3,959,400  
 
1.3. Constructed Wetlands for Agricultural Effluents 
This literature review focuses on the use of CWs for treating confined agricultural 
operations, for comparison with the research findings of this work.  Constructed wetlands 
research for treating livestock wastewater shows that nutrient removal is high, but 
effluent concentrations are still often inadequate for discharge criteria.  For example, 
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Schaafsma et al. (2000) found that ammonia was only reduced by 56%, while nitrate 
concentrations increased by 82%.  Newman et al. (2000) found that excess influent 
loading of BOD (average of 2600 mg/l) was causing depleted oxygen levels that 
prevented nitrification.  Other studies have demonstrated that CWs are a viable 
technology for meeting acceptable discharge criteria for livestock wastewater (e.g. Hunt 
and Poach, 2001; Mantovi et al., 2003).  In order to meet discharge criteria, CWs need to 
be designed and operated effectively.  Livestock operations result in high organic loading 
compared to municipal wastewater values (Table 3), which may result in some treatment 
deficiencies in CWs (Newman et al., 2000; Schaafmsma et al., 2000).  Furthermore, 
using CWs for removal of P is still not resolved, and deserves continued research (IWA, 
2008). 
Wastewater from confined agricultural operations, such as dairy operations, has a 
high concentration of suspended solids and therefore is pre-treated using settling tanks 
before it flows into a CW (Cronk, 1996; Knight et al., 2000).  This pretreatment has been 
shown to reduce BOD and TSS loading to the wetland by 50 to 75% (Knight et al., 2000).  
However, even after pre-treatment, livestock wastewater exhibits high concentrations of 
organics and nutrients at the inlet of CWs.  The wastewater from the Paul Miller Dairy 
Farm at the University of Vermont contains particularly high concentrations of BOD5 and 
NH4-N compared to those of other dairy farm CWs (Table 3) and much higher loading 
rates of organics, nutrients, and suspended solids than typical municipal wastewater. 
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Table 3: Concentrations of BOD, TSS, phosphorus, and nitrogen for the Paul Miller 
Dairy Farm, typical dairy farm wastewater, and typical municipal wastewater. 
Paramater 
Paul Miller Dairy Farm 
Wastewater 
Typical Dairy 
Farm Wastewater 
(Knight et al., 
2000) 
Typical Municipal 
Wastewater (Davis and 
Cornwell, 1998) 
BOD5 (mg/l)                         
2537                                     
mean value from 5/'08-9/'08 
(stdev=824 n=15) 
442 200 
TSS (mg/l) 
741                                       
mean value from 5/'08-9/'08 
(stdev=246 n=11) 
1111 200 
Phosphorus 
(mg/l) 
46                                          
DRP- mean value from 5/'08-
9/'08 (stdev=11 n=9)) 
1 to 100                                     
P-Total Phosphorus 
10                                            
P-Total Phosphorus 
NH4-N  
(mg/l) 
264                                        
NH4-N mean value from 
8/'06-8/'07 (stdev=100) 
105 40                                                       
N-Total Kjeldahl Nitrogen 
(organic N + ammonia) 
 
Nutrient and organic removal mechanisms for treating dairy wastewater with 
CWs are similar for other types of wastewaters; but, the first-order removal rate constants 
found for livestock wastewater tend to be lower than the removal rate constants for 
municipal wastewater (Knight et al., 2000).  The Thomas Graphical Method was used to 
calculate the removal rate constants for the BOD5 wastewater in this research, which are 
comparable to typical livestock wastewater rate constants (Appendix B).   
The hydraulic loading rate of wastewater for the pilot-scale CWs falls within the 
range for other CWs treating livestock wastewater.  The median hydraulic loading rate 
(3.9 cm/day) reported from the Livestock Wastewater Treatment Wetland Database 
(knight et al., 2000) was incidentally the same hydraulic loading rate implemented in this 
research study during the 2008 operation period. 
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1.4. Macrophytes 
 Macrophytes have been determined to play varying roles in CW treatment 
performance (Brix, 1997; Vymazal, 2007), but the presence of macrophytes in wetlands 
makes them more appealing for integration into a landscape.  In most cases, planted CWs 
enhance the removal of nutrients and organics (e.g. Drizo et al., 2000; Brisson and 
Chazarenc, 2008; Zou et al., 2008); however, some studies show that plants do not have 
an important role in CW performance (e.g. Tietz et al., 2008).  The role of plants in 
mediating the removal of pollutants is more observable when the pollutant loading is low 
(Brix, 1997; Vymazal, 2005), but even in these cases annual harvesting of plants is 
required to prevent nutrient leaching upon plant decay.  In temperate climates, the growth 
of plant biomass is cyclical, where life and death cycles play active roles in nutrient 
uptake and release (Kadlec, 1999).   
Plants have also been recognized for their ability to promote microbial activity 
and mass transfer of O2 in the rizosphere; but in application, it has been questioned 
whether plants play a significant role in microbial activity.  Vertical flow (VF) CWs were 
recently found to have 80% of organic carbon consuming microbial activity occurring in 
the top 10 cm of a VF CW, regardless of plant presence (Tietz et al., 2007).  The rate of 
O2 mass transfer from plant roots is considered to be insufficient for the consumptive 
needs of aerobic heterotrophs consuming available organic matter (Vymazal, 2005).  
Regardless of their sometimes neutral effect on CW treatment performance, macrophytes 
are an integral part of a wetland environment; and they provide other benefits such as soil 
stability (Brix, 1997). 
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 Macrophytes have been shown to affect the hydraulics in a CW.  Whitney et al. 
(2003) observed in a case of uncontrolled growth, plant root mats lead to short circuiting.  
Preferential flow paths along the bottom of CWs, due to dense macrophyte root mats, can 
decrease hydraulic residence time and pollutant removal capability.  Maintaining a 
healthy and controlled plant biomass requires maintenance or subsequent weeds will take 
over the wetland area and clogging may occur.  Macrophyte presence also increases 
evapotranspiration effects, which lead to concentrating pollutants in the CWs.  River 
Bulrush (Schoenoplectus fluviatilis) were planted in the CWs for this research, and 
pictures of the planted CWs are provided in Appendix C. 
 
1.5. Redox Chemistry 
 The redox state of a CW is essential for understanding the biogeochemistry of the 
system.  Oxic conditions are preferred for the more rapid removal of organic matter and 
transformation of ammonia into nitrate (Vymazal, 2007).  After oxygen is consumed, 
anaerobic bacteria oxidize organic material with the use of the following oxidized 
species, in order: NO3
-
, SO4
2-
, and HCO3
- 
(Walther, 2005).  In most natural wetlands, 
oxygen diffuses very slowly into soils saturated with water, orders of magnitude slower 
than in drained soils (Mitsch and Gosselink, 1993).  The rate of oxygen depletion 
depends on factors such as: temperature, and organic matter for microbial respiration.  
There is often a portion of oxic soil in a thin layer, a few mm thick, at the air soil 
interface containing oxidized ions Fe
3+
, Mn
4+
, NO3
-
, SO4
2-
, while the lower reduced soil 
layers contain ferrous and manganous salts, ammonia, and sulfides (Mitsch and 
Gosselink, 1993). 
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 Iron and Manganese reduction occurs at similar redox potentials, following the 
reduction of nitrate on the redox ladder (Table 4).  Sulfate reduction to sulfide (at an Eh 
of about -75 to -150) occurs after iron and manganese (Mitsch and Gosselink, 1993).  The 
redox ladder shows the chemical gradients that exist in natural environments.  Redox 
reactions can be either biotic or abiotic, but microorganisms often utilize the energy that 
can be gained from the coupled oxidation/reduction reactions (Madigan and Martinko, 
2006). 
 
Table 4: Simple redox ladder illustrating some couples (e
-
 acceptor/e
-
 donor) that exist in 
nature.  
Oxidized / Reduced 
O2/H2O 
NO3
-/NH4
+ 
Mn4+/Mn2+ 
Fe3+/Fe2+ 
SO4
2-/H2S 
 
1.6. Organic Carbon in Wetlands 
 Biochemical oxygen demand (BOD) is a water quality parameter used to quantify 
the amount of organic matter in a water sample.  The organic matter is quantified by the 
amount of oxygen consumed by the microorganisms eating the organic matter in the 
wastewater (Davis and Cornwell, 1998).  The BOD measured may also include 
nitrogenous BOD, as nitrification of ammonia also leads to oxygen demand.  When 
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nitrification is inhibited, the test is referred to as carbonaceous BOD (Kadlec and Knight, 
1996).  The five day BOD test (BOD5) is the most commonly used surrogate for the 
presence of biologically available carbon.  Chemical Oxygen Demand (COD) is a 
measure of the amount of chemical oxidant required to oxidize the organic content in the 
sample.  COD is larger then BOD because the oxidant in the COD analysis reacts with all 
available compounds that can be oxidized (Kadlec and Knight, 1996). 
 Carbon cycling in wetlands is complex because there are many routes that the 
organic matter can take (Figure 2).  Carbon compounds go through different 
decomposition reactions depending on the wetland environment.  For example, carbon 
complexes can be completely oxidized during respiration, resulting in inorganic CO2 as 
one of the major carbon end products (Madigan and Martinko, 2006). In anoxic zones, 
carbon cycling is different because processes such as fermentation do not completely 
oxidize the carbon compounds; as a result intermediates, such as ethanol, are formed 
(Mitsch and Gosselink, 1993; Madigan and Martinko, 2006). 
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Figure 2: Carbon cycling in a wetland environment, from Mitsch and Gosselink (1993).  
POC represents particulate organic carbon and DOC represents dissolved organic carbon. 
 
1.7. Nitrogen Dynamics in Constructed Wetlands 
Nitrogen cycling in CWs is complex and includes ammonia volatilization, 
transformation of organic N into ammonia (ammonification), nitrification, denitrification, 
nitrogen fixation, plant and microbial uptake and various other transformations (Figure 
3).  Since the ultimate goal is to remove nitrogen, CWs with aerobic and anaerobic 
conditions suitable for nitrification and denitrification, should be utilized in design.  
Nitrogen removal in CWs typically varies between 40 and 50% efficiency (Vymazal, 
2007). 
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Figure 3: Simplified nitrogen cycle in a wetland environment from Kadlec and Knight 
(1996). 
 
Nitrogen transformations in a CW rely heavily on the redox state in the CW.    
Ammonification, or mineralization of organic nitrogen, is generally the first process that 
nitrogen undergoes in a constructed wetland because it is introduced in organic form as 
urea (CNH4O) and uric acid (C4N4H4O3) (Kadlec and Knight, 1996).  Transformation for 
a simple organic nitrogen compound, urea, is (Mitsch and Gosselink, 1993): 
 
CNH4O + H2O   2NH3 + CO2 
 
NH3 + H2O  NH4
+
 + OH
-
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The biogeochemical process of transforming organic nitrogen into ammonia (either 
ionized or unionized: NH4
+
 or NH3 respectively) must be accounted for when designing 
for nitrogen removal because ammonification may occur along the length of the 
flowpath.  Ammonification is kineticly faster than nitrification (Vymazal, 2007).  
Ammonification is faster in aerobic conditions; and most of the present organic N readily 
transforms into ammonia.  Ammonification can be treated as a first order reaction 
(Kadlec and Knight, 1996), with removal rates found to range from 0.004 to 0.53 g 
N/(m
2
·day).  Unionized ammonia (NH3) is readily volatilized in wetlands, especially in 
free standing water.  Ammonia is the most prevalent form of nitrogen in wastewaters.  
Small concentrations of unionized ammonia (0.2 mg/l or greater) are toxic in natural 
waters making ammonia an important nutrient to treat in wastewater (Kadlec and Knight, 
1996).  
Once ammonia is present in a wetland it can be oxidized to form nitrate (NO3
-
) 
through nitrification.  Nitrification is a two step biochemical process, but it can be 
summarized as (Kadlec and Knight, 1996): 
 
, 
 
where NBOD can be calculated as 
N g
 O g 
57.4
oxidizednitrogen  of grams
usedoxygen  of grams 2 .  Oxic 
conditions are required for nitrification.  Nitrifying bacteria also prefer temperatures 
between 25 and 30 C°.  Nitrification is an acidifying process as noted in the equation 
above by the generation of H
+
.  A large amount of alkalinity is required (8.64 mg HCO3
-
) 
to neutralize the acid of every 1 mg of ammonia nitrogen oxidized (Vymazal, 2007).    
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Heterotrophic bacteria out-compete the nitrifying bacteria, when there is a high 
Biochemical Oxygen Demand (BOD), by consume the nitrifying bacteria‟s desired 
oxygen as organic matter is oxidized (Kadlec and Knight, 1996).  Enough time for 
ammonification and adequate BOD reduction is imperative for nitrification and thus 
needs to be considered when designing a constructed wetland.  Simple modeling of 
nitrification can be done with Monod Kinetics, as well as, area based first order kinetics.  
Nitrification rates from the literature have a mean value of 0.048 g N/(m
2
·day) (Vymazal, 
2007).   
 Denitrification is the process of converting nitrate into nitrogen gas (N2).  The 
reduction of nitrate to form nitrogen gas is a multi-step biochemical process and can be 
summarized as (Mitsch and Gosselink, 1993): 
 
. 
 
Respiration using free oxygen provides more energy for heterotrophic (denitrifying) 
bacteria than the tightly bound oxygen present in nitrate, so wetland conditions need to be 
anaerobic for the heterotrophic bacteria to utilize the oxygen in the nitrate (Kadlec and 
Knight, 1996).  Denitrification rates vary between 0.003 and 1.02 g N/(m
2
·day) in CWs 
(Vymazal, 2007).   
 Hybrid constructed wetlands have been tested for their ability to utilize multiple 
redox conditions suitable for a more complete removal of N.  Vymazal (2005, 2007) has 
provided comprehensive analyses of hybrid CWs globally.  VF to HF CW systems have 
been investigated over the last two decades, and were even first looked at by Seidel in the 
1960s.  These CW systems are a logical progression of nitrification (aerobic) followed by 
 19 
 
denitrification (anaerobic).  In practice, the complete removal of N is not that 
straightforward.  Inhibiting factors such as high organic matter as a food source leads to 
heterotrophs outcompeting nitrifiers for available oxygen.  HF to VF systems have been 
investigated for their ability to remove suspended solids, organics, and nitrate in the HF 
CW.  The following VF CW is useful for further treatment and a nitrifying environment, 
but for sufficient TN removal the wastewater needs to be recycled in this system 
(Vymazal, 2007).  A recent study in South Korea (Seo et al., 2008) tested two and three 
stage CWs for treating greenhouse wastewater with calcite as a P removing media.  A HF 
to VF systems was found to be the most effective system for total N removal in a two 
stage CW hybrid system, and the most optimal system tested was a HF to VF to HF 
system that provided 68% reduction of total N.  A laboratory study of column-scale CWs 
treating livestock wastewater showed that a VF CW that was half saturated provided 
more total N removal than a VF CW that was fully saturated (Zou et al., 2008).  The half 
saturated column results suggest that the CW conditions provided both aerobic and 
anaerobic conditions suitable for nitrogen removal.  
 
1.8. Phosphorus Dynamics in Constructed Wetlands 
 Phosphorus nutrient cycling (Figure 4) is different from nitrogen cycling, largely 
because phosphorus does not exist significantly in a gaseous form and there are no 
changes in valency during biotic assimilation of inorganic P and decomposition of 
organic P (DeBusk and Dieberg, 1999).  Methods for removing P in a CW (sorption, 
precipitation, and plant uptake) are saturable, so substrate suitable for enhanced P 
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removal should be considered (Vymazal, 2007).  Total P removal typically varies 
between 40 and 60% in CWs (Vymazal, 2007).  Orthophosphate is the principle form of 
inorganic P, and may be considered the most biologically available form of P, often 
referenced as dissolved reactive phosphorus (DRP).  Orthophosphate exists as PO4
3-
, 
HPO4
2-
, and HPO4
-
; the predominant form is pH dependent (Mitsch and Gosselink, 
1993): 
. 
The organic phosphorus is not as readily available for most microorganisms, but the 
complex chemistry of organic phosphorus is not completely understood and it is 
becoming more evident that organic phosphorus is capable of being consumed by 
organisms such as phytoplankton (personal communication with Barbara Cade Menum, 
2007). 
 Recently, CWs in the San Joaquin Valley, California were tested for the 
abundance of different forms of P present in agricultural wastewater (Maynard et al., 
2009).  The forms of P (total P, DRP, and biologically available P) were examined for 
removal efficiency in a CW treating non-point agricultural runoff.  Biologically available 
P and DRP were measured separately in this California study.  DRP was the most 
significant form of biologically available P; PP contributed 11-26% of biologically 
available P.  The California wetlands removed 55-65% of PP, 61-63% of DRP, and 57-
62% of biologically available P.  More biologically available P were found in the colloid 
sized particles in suspension, suggesting that less reactive forms of P would have settled 
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with larger particles in the wetlands.  Dissolved organic P comprised a small fraction of 
TP 5-10%.  Overall the DRP and total P values were not found to be significantly 
different for this San Joaquin Valley agricultural wastewater study. 
Chemical reactions involoving adsorption and precipitation of phosphorus are 
utilized by wastewater treatment plants and natural systems.  Immobilizing the bio-
available phosphorus with specific chemicals (ferric iron, aluminum, and calcium) is the 
foremost processes for P removal in wastewater treatment plants.  The design of 
constructed wetlands with special P-removing media has become a recent focus for 
optimizing CW performance.  Important minerals for P mineralization are apatite 
Ca5(Cl,F)(PO4)3, hydroxyapatite Ca5(OH)(PO4)3, variscite Al(PO4)2H2O, strengite 
Fe(PO4)2H2O, vivianite Fe3(PO4)28H2O, and wavellite Al3(OH)3(PO4)25H2O (Vymazal, 
2007).  Additionally, P can co-precipitate by adsorbing to mineral surfaces, such as 
FeOOH and carbonate minerals (ex. Calcite CaCO3), and organic P can have a 
concomitant mineralization (Vymazal, 2007).  Substrates that are rich in iron, calcium, 
and aluminum oxides have recently been a focus of CW research for mediating P 
removal.  
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Figure 4: Phosphorus cycling in a wetland environment from Mitsch and Gosselink 
(1993).  SOP represents soluble organic phosphorus in this figure.   
 
1.9. Steel Slag Phosphorus Removing Filters 
Slag is a byproduct of the iron and steel making industry; and prior to the 19
th
 
century, it was considered a waste product.  Now rendered profitable, slag has been used 
in road construction, asphaltic concrete aggregate, portland cement manufacturing, and a 
liming agent for amending soil (Kalyoncu, 2000).  Industrial byproducts, such as slag, 
have been investigated since the 1980‟s for their ability to remove phosphorus in 
wastewater treatment (Drizo et al., 2008).  Electric Arc Furnace (EAF) Steel Slag is of 
particular interest to this project, because it is more readily available in Vermont than 
other slags, such as blast furnace slag and iron melter slag.  EAF steel slag and blast 
furnace slag are processed with lime (Kalyoncu, 2000).  EAF steel slag filter effluent can 
have a high pH attributable to the oxides comprising the slag.  EAF Steel Slag has been 
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analyzed and found to have the best P retention capability out of 57 other potential filter 
media candidates (Drizo et al., 2002). 
The mineral constituents of steel slag have inspired popularity for use in water 
treatment applications.  The use of EAF steel slag for removing phosphorus as a filter 
media is fairly new. The longest study of slag filter effectiveness was a 10-year study in 
New Zealand, which showed promising results for iron melter slag filters being used as 
an add on unit for a small wastewater treatment facility (Shilton et al., 2006).  The long-
term slag filter study conducted in New Zealand showed that the slag had an average 
Total Phosphorus (TP) removal efficiency of 72% over a 5 year time period before the 
slag lost most of its effectiveness.  From this long-term study, the slag was estimated to 
have a P retention capacity of 1.2 kg total P/ ton slag (Shilton et al., 2006).   
Recently, column-scale EAF steel slag filters were tested at the Paul Miller Dairy 
Farm at the University of Vermont, by Weber et al. (2007) and Drizo et al. (2008), for 
removing P at the outlet of a CW treating dairy wastewater (Table 5).  These studies have 
provided insight into the effectiveness and capacity of slag for removing P from 
wastewater.   
The CWs integrated with slag P removing filters, in this research, further 
investigate P removal by EAF steel slag filters.  Geochemical modeling of the 
interactions between the dairy wastewater and slag are presented to suggest how slag 
might be optimized to remove P in wastewater without reaching a high pH in solution 
(Appendix B). 
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Table 5: Summary of the removal efficiency and adsorption capacity of selected 
phosphorus removing slag filters. 
Wastewater 
Slag 
Variety 
Loading 
time 
(days) 
Average 
removal 
efficiency 
Adsorption 
capacity 
Municipal 
Wastewater in New 
Zealand (Shilton et 
al., 2006) 
Iron 
Melter 
Slag 
1825 77% 1.2 g TP / kg slag 
Paul Miller Dairy 
Farm constructed 
wetland pretreated 
effluent, with 5 
week resting period 
(Drizo et al., 2008) 
Electric 
Arc 
Furnace 
Steel Slag 
500 65% 
2.2 g DRP / kg 
slag 
Paul Miller Dairy 
Farm raw 
wastewater (Weber 
et al., 2006) 
Electric 
Arc 
Furnace 
Steel Slag 
259 72% 
1.5 g DRP / kg 
slag 
Column study with 
artificial P solution 
(Drizzo et al., 2002) 
Electric 
Arc 
Furnace 
Steel Slag 
124 n/a 
1.35 g DRP / kg 
slag 
 
1.10. Hydraulics of Constructed Wetlands 
 The hydraulics of a CW is one of the most fundamentally important aspects when 
considering treatment mechanisms in a wetland.  In many cases, improper flow, via 
preferential flow paths, is the leading cause of inadequately functioning wetlands 
(Knowles et al., 2008).  Tracer studies were performed in this study to quantify the flow 
of water through the constructed wetlands.  This allows for the detection of complex 
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transport interactions through porous media.  At the Paul Miller Dairy Farm in Vermont, 
Munoz et al. (2006) performed a tracer study on the field-scale CWs treating dairy 
wastewater in winter months.  One conclusion, from the tracer study, was that cold 
climate conditions did create preferential flow paths in the CWs.  Two successful tracer 
tests were performed on the pilot-scale CWs in this research; and the results for these 
tests can be found in Appendix B. 
 The tracer studies were used to determine the residence time distribution (RTD) 
of particular wetlands.  The RTD can then be coupled with reaction kinetics to model the 
transformation of nutrients and organics in CWs (Kadlec and Knight, 1996).  Using a 
RTD, coupled with a reaction order equation, is more accurate than assuming plug flow 
in the CWs (Kadlec, 2000; Warner and Kadlec, 2000).   
Considering atmospheric effects on the water budget of a CW is essential for 
estimating the mass balance of measured water parameters in a CW. Along with water 
inflow and outflow, precipitation (PT) and evapotranspiration (ET) must be considered in 
the water budget of a wetland (Kadlec and Knight, 1996).  Additionally, precipitation 
effects increase flow from catchment areas that feed constructed wetlands, such as the 
dairy feedlot catchment area at the Paul Miller Dairy Farm.  The stochastic nature of 
wastewater entering CWs in agricultural settings needs to be considered in the design and 
analysis process.  A study on a wetland treating livestock wastewater in Nova Scotia 
found that adjusting BOD rate constants with a corrected hydraulic loading rate, due to 
precipitation and evapotranspiration loading effects, lowered the rate constants that were 
calculated using inlet and outlet concentrations alone (Jamieson et al., 2007).  For the 
pilot-scale CWs in this research, the inflow was measured, but the outflow was not.  To 
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calculate outflow (Qout = Qin + Qprecipitation – Qevapotranspiration), precipitation was measured 
onsite, and evapotranspiration was estimated using the Penman method.  For details on 
the adjusted hydraulic loading rate used in this study see Appendix B. 
The adjusted hydraulic loading rates provided a mass loading rate for the 
measured parameters in this research.  I used the weekly mass loading rates of BOD5, 
TSS, ammonia, and DRP from my CWs to perform a time-series semivariogram analysis.  
The time-series analysis detected any periods, during the course of CW operation, where 
the CWs were performing differently.  Analysis of Variance (ANOVA) was used to 
detect significant differences in treatment performance amongst the various pilot-scale 
CWs in this research.  Laboratory experiments were performed to determine the 
maximum amount of biologically available organic matter, and the corresponding rate 
constants for the biodegradation of the organic matter.  The mineral species that likely 
form on the slag filters when removing P were investigated with the use of a geochemical 
speciation program.  The optimal water:rock ratio for removing P and maintaining a 
reasonable pH was examined.  This research was a case study that compared well 
established hybrid CW systems to novel integrated CW systems. 
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Evaluating the efficiency and temporal variation of pilot-scale 
constructed wetlands and steel slag phosphorus removing 
filters for treating dairy effluent 
 
Abstract: The performance and temporal variation of 3 hybrid and 3 integrated, 
saturated flow, pilot-scale constructed wetlands (CW) were tested for treating dairy-farm 
effluent.  The 3 hybrid systems each consisted of 2 CWs in series; either vertical flow 
(VF) followed by horizontal flow (HF) or HF followed by HF. The integrated systems 
consisted of a CW (either VF or HF) followed by an electric arc furnace steel slag filter 
for removing phosphorus. The CWs began operating in August 2007.  Each system 
received a daily pulse of wastewater resulting in a hydraulic loading rate of 1.9 cm/day 
with a nominal residence time of ~10 days.  In April of 2008, the CWs mode of operation 
was changed from pulse to continuous flow, resulting in an increase in HLR to 3.9 
cm/day and a nominal residence time of ~5 days.  Weekly monitoring was carried out for 
five-day biochemical oxygen demand (BOD5), total suspended solids (TSS), ammonium, 
dissolved reactive phosphorus (DRP), and pH.  The hybrid CWs and Integrated CWs 
were analyzed for their ability to treat dairy wastewater and important differences 
between the systems were analyzed.  Time series temporal semivariogram analyses of the 
measured water parameters illustrated that different treatment efficiencies existed in the 
beginning of the 2008 summer (early summer) compared to the end of the 2008 summer 
(late summer).  Furthermore, the CWs were found to have significantly different 
treatment performances (p-value < 0.0001), in terms of TSS and BOD5 removal 
efficiency, from early to late summer 2008.  Integrated CWs removed significantly more 
DRP than hybrid CWs (p-value < 0.05) in 2007 and 2008.  During the late summer of 
2008, the integrated CWs removed significantly more ammonium (p-value < 0.05) than 
all other CW systems.  Hybrid and integrated CWs were both efficient in removing 
organics, but the hybrid systems were significantly (p-value < 0.05) more efficient during 
the period of highest macrophyte biomass. 
 The mechanisms of pollutant removal in these CW systems were further analyzed.  
Geochemical modeling of the minerals that form on steel slag showed that hydroxyapatite 
controls the activities of phosphate and calcium ions.  The geochemical modeling results 
showed a similar finding to field results, because as the wastewater:slag ratio decreases 
the pH increases (pH > 11) and phosphorus is removed. 
 
2.1. Introduction 
Research for improving constructed wetland (CW) nutrient removal capabilities is 
motivated by the increasingly stringent worldwide water quality regulations and the often 
varying treatment performance of existing CWs for treating nutrient rich wastewater 
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(Hunt and Poach, 2001).  Treating livestock wastewater with CWs has become 
recognized as a viable technology; however, data on the performance of systems treating 
dairy wastewater, especially in temperate climates, are fairly limited (Knight et al., 2000; 
Newman et al., 2000; Schaafsma et al., 2000).  The Livestock Wastewater Treatment 
Wetland Database, known as the most comprehensive CW database to date, provides data 
for only 68 CWs treating livestock wastewater in North America (Knight et al., 2000). 
While CWs are generally effective at removing organic matter and total suspended solids 
(TSS), nutrient removal (specifically nitrogen and phosphorus) needs to be improved 
(Kadlec et al., 2000a; Hunt and Poach, 2001).  We considered the major water quality 
parameters in this research on CWs, with a focus on the mechanisms of P removal.  In 
Vermont, dairy farming is prevalent and the pollution from these operations still needs 
improvement (VTDEC, 2002).  The excess loading of P into waterbodies causes 
eutrophication and blue-green algae blooms (Schindler, 1977; Hecky and Kilham, 1988).  
Eutrophication of water bodies is a global problem, and investigating feasible methods 
for preventing continual phosphorus loading is motivation for this research. 
Constructed wetlands have relatively low start-up costs and less maintenance 
requirements compared to other types of wastewater treatment systems making them 
attractive for small and medium-scale farms (Knight et al., 2000).  However, their limited 
ability to remove P and the variable nutrient concentrations typical of agricultural 
wastewater has created concerns over the efficacy and longevity of these systems (IWA, 
2006).  There is a need for additional research to improve the nutrient treatment 
performance of dairy wetlands and to expand their longevity.   
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Hybrid CWs are well-established systems efficient at removing organic matter, 
suspended solids, and nitrogen species when properly designed (Vymazal, 2007).  The 
design of CWs has evolved to accommodate the treatment needs for various types of 
wastewater.  Over the past decade, hybrid CW systems (multiple CWs operating in series, 
employing surface, subsurface or vertical flow) have been researched with the aim to 
improve CWs treatment efficacy, especially for nutrient reduction (Vymazal, 2007).  
Artificial aeration of horizontal flow systems and vertical flow systems have been 
developed to facilitate oxygen mass transfer thereby enhancing nitrogen (N) and organic 
matter removal.  To improve phosphorus (P) removal, various natural and industrial 
waste materials have been tested (e.g. Mann, 1997; Arias et al., 2001; Drizo et al., 2008).  
The use of an EAF steel slag filter for P removal in combination with a CW is not well 
studied to date; most previous studies are laboratory-scale, batch reactions, or column-
scale flow through reactors (e.g. Drizo et al., 2002; Weber et al., 2007; Drizo et al., 
2008).  For example, Weber et al. (2007) recently demonstrated using column-scale 
studies that electric arc furnace (EAF) steel slag filters placed at the outlet of CWs 
improved dissolved reactive phosphorus (DRP) removal efficiency from dairy farm 
effluent by 74% with a P capacity of 1.5 g-P/kg-slag, and Drizo et al. (2008) showed in a 
similar study that EAF steel slag could remove 65% of P in solution with a P capacity of 
up to 2.2 g-P/kg-slag.   
  The EAF slag material contains the chemical oxides ideal for phosphorus 
precipitation; Fe2O3 (35%), CaO (30%), and Al2O3 (5%) (Drizo et al., 2006).  The 
adsorption and precipitation reactions that occur on slag are controlled by the interaction 
with the primary slag oxides or the secondary minerals forming as these oxides react with 
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the waste solution (Drizo et al., 2006; Bird et al., 2008).  The primary slag oxides on EAF 
slag are Fe2O3 and CaO, and these oxides have been found to immobilize P from solution 
quickly (Spiteri et al., 2007; Inskeep and Silvertooth, 1988). Despite these research 
efforts, P removal in CWs remains largely unsolved and is an important issue for 
investigation (IWA, 2008). 
This research moves forward the study of CWs integrated with slag phosphorus 
filters (integrated CW systems) by analyzing the treatment differences between the pilot-
scale hybrid and integrated CW systems, built and employed for this research, while 
considering temporal variation.  For the pilot-scale CWs, the inflow was controlled but 
the outflow was variable due to changing climatic conditions.  An adjusted hydraulic 
loading rate was used, along with the corresponding concentration at a sampling location, 
to determine CW performance.  A one-way ANOVA was performed to compare the 
differences in DRP, BOD5, TSS, and NH4
+
 between sampling locations.  Time series 
analyses, using geostatistical semi-variograms, were used to temporally describe how 
CW performance changes.  In addition, we examine the mechanisms of P removal in 
EAF steel slag P filters, and ultimately we discuss the pros and cons associated with both 
integrated and hybrid CWs for treating dairy farm wastewater. 
2. 2. Methods 
2.2.1. Experimental Setup 
The CW pilot-scale systems, built for this research, exist at the CW facility at 
University of Vermont Paul Miller Dairy Farm in Burlington, Vermont USA.  A full 
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description of the dairy farm facility is provided by Munoz et al. (2006).  In the pilot-
scale system (Figure 5) there were two different system classifications (hybrid and 
integrated).  The three hybrid CW systems (Figure 5a) combine two CWs in-series.  The 
integrated CW systems (Figure 5b) use a combination of a CW followed by an electric 
arc furnace (EAF) steel slag filter for removing phosphorus (P).  Within the hybrid and 
integrated systems different flow regimes were also implemented.  Hybrid systems 
(Figure 5a) CW 1 and CW 3 are vertical flow (VF) while CW 2 is horizontal flow (HF).  
All are followed in series by a HF CW.  Integrated systems (Figure 5b) CW 4 is HF while 
CW 5 and CW 6 are VF.  All are followed in series by HF slag filters.  Wastewater 
samples were collected weekly at the influent of the first in-series CWs (CWs 1-6), and at 
the outlet of all twelve CWs.  The 13 sampling locations are identified by solid circles in 
Figure 5. 
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Figure 5: a. Experimental layout of the 6 CWs of the hybrid systems in plan view.  b. 
Experimental layout of the 6 CWs of the integrated systems in plan view.  c. Cross-
section of a VF CW showing the inlet pipe (upper left) and the outlet pipe (bottom), d. 
cross-section of the SEEP/W° modeled flow through a HF CW, e. cross-section of the 
SEEP/W° modeled flow through a VF CW, and f. the plumbing for a HF CW.  
 
All CWs were constructed with the same dimensions (length, width, and height of 
1.7m, 1.1m, and 0.5m, respectively).  Nine of the CWs (CWs 1-9) were packed with 
gravel with a porosity equal to 0.4.  The top 3 cm of these CWs were layered with 
compost and planted with river bulrush (Schoenoplectus fluviatilis).  The three slag filters 
(CWs 10-12) designed for P removal were filled with EAF steel slag (2-5 cm diameter) 
from Quebec, Canada having a porosity of 0.42 (Drizo et al., 2006). 
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The inlet of the VF CWs is centrally located at the top of the wall that is opposite 
to the centrally located outlet sampling pipe (Figure 5c).  The VF CW wastewater was 
maintained at a constant head approximately 3 cm below the gravel surface, allowing 
downward vertical flow to the perforated outlet pipes located along the bottom of the 
wetland (Figure 5c).  The inlet pipes for the HF CWs were designed to provide an even 
distribution of influent across the width of the cell (Figure 5f).  The flow through the 
CWs was modeled using the program SEEP/W°, which is a GEO-SLOPE
©
 finite element 
analysis program designed to model a variety of groundwater flow environments.  The 
ideal flow patterns through the VF and HF CWs modeled by SEEP/W° are presented in 
Figure 5e and Figure 5d, respectively. 
The CWs were operated from August to December in 2007, and from May to 
September in 2008.  During the 2007 operation, the influent wastewater was supplied to 
the wetland cells once daily as a pulse flow, as this more closely resembles flow found on 
dairy farm operations.  In 2008, the system was changed to a continuous flow using a 
constant head reservoir of dairy wastewater, so that flow could more easily be quantified 
with a tracer test.  Constant head was maintained using a pump that was triggered by float 
switches connected to an electromagnetic relay.  The CW influent flow-rate was 
calibrated with needle valves. 
Volume divided by flow rate was used to calculate the nominal hydraulic 
retention times of the CWs, and adjustments for atmospheric effects on the water budget 
helped to develop a percent variation based on the standard deviation of the calculated 
daily flow rates.  The nominal hydraulic retention time (HRT) for each CW with the daily 
pulse flow associated with the 2007 operating season was ~5 days (10.4±21% days for 
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the 2 CWs in series),  while the continuous flow of 2008 resulted in a nominal HRT of 
~2.5 days for each CW (5.6±16% days for the 2 CWs in series).  Two bromide tracer 
studies performed on different dates during the continuous flow operation in 2008 
indicated residence times falling within the range of calculated nominal hydraulic 
retention times.  One HF CW and one VF CW were found to have mean hydraulic 
residence times of 3.2 and 2.2 days respectively.  The VF CW showed signs of short 
circuiting which may be partly explained by the dead zones with smaller flow gradient 
arrows in Figure 5e. 
 The influent wastewater was a combination of feedlot runoff and milk parlor 
washwater.  The feedlot runoff has a watershed of approximately 1750 m
2
, and the 
concentration and flow from this wastewater source depended mostly on precipitation.  
Wastewater from the milk parlor and milk house is generated during two or three events 
each day: two milkings and one washing event.  On average this wastewater stream 
produces 66 to 132 kg of milk per day (Munoz, 2005).  The wastewater used in this 
research was tapped from the combined wastewater source.   
 
2.2.2. Sample Collection and Laboratory Analysis 
During the 2007 operation period, all water samples were collected weekly from 
an influent wastewater sampling port and outlets of each of the 12 CWs.  Five-day 
biochemical oxygen demand (BOD5) and total suspended solids (TSS) tests were 
performed weekly following standard methods (Eaton et al., 2005).  Nitrogen species, 
nitrate (NO3
-
) and ammonium (NH4
+
), were analyzed on a weekly basis using a flow-
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through Lachat (Quik Chem FIA+ 8000 series).  Weekly analysis of dissolved reactive 
phosphours (DRP) was performed using the stannous chloride method (Eaton et al., 
2005).  Temperature and pH were recorded weekly in situ using a field pH probe (Fisher 
Scientific Accumet waterproof AP71) at the locations where samples were collected.  
Additional samples were collected in 5 ml bottles with no air space for lab analysis of 
redox reactive species using electrovoltametry techniques according to Luther et al. 
(2008).  The samples were analyzed for Total P, Ca, and metals approximately once a 
month using the persulfate digestion method (Eaton et al., 2005), and measured using an 
inductively coupled plasma atomic emission spectrophotometer (ICP-AES, Perkin Elmer 
3000 DV).  The same sampling and analysis techniques were used over the 2008 field 
season.  However, dissolved oxygen (DO) was also measured in situ using a field DO 
meter (HACH LDO®) at the locations where samples were collected. 
 
2.2.3. Adjusted Hydraulic Loading Rate 
An adjusted hydraulic loading rate for the effluent of the CWs was calculated 
using the measured inflow, measured precipitation (PT) data, and calculated 
evapotranspiration (ET) from the Penman method (Ward and Trimble, 2004).  On-site 
hourly temperature data, local (Burlington International Airport) National Oceanic and 
Atmospheric Administration (NOAA) hourly records for relative humidity, and a 
latitudinal estimate for average monthly solar radiation (Solar Radiation Data Manual, 
1990) were used in the calculation of potential evapotranspiration.  On-site hourly PT 
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data, calculated ET, and known influent flow of wastewater (Qin) were used to estimate 
flow out (Qout), using a simplified dynamic water budget from Kadlec and Knight (1996): 
 
Qout = PT(A) + ET(A) + Qin 
 
where; PT and ET are multiplied by the surface area (A) of the CW to obtain a flow rate 
(m
3
/day).  For this study the influent was assumed to be a constant and the flow out is a 
daily average of the adjusted flow rate.  All of the flows were converted to hydraulic 
loading rates (m
3
/(m
2
· day) or m/day) by dividing the flow by the surface area of one CW 
system (e.g. surface area of a hybrid system: CW1 and CW7).  The hydraulic loading 
rates were multiplied by the measured chemical constituents to calculate mass loading 
rates (eg. mg BOD5/(m
2
·day)) and were used in the data analysis. 
 
2.2.4. Data Analysis 
A time series analysis using temporal semivariograms was performed to 
determine the extent of auto-correlation for measured time series data, and allowed 
seasonal effects to be quantified.  Temporal semivariograms were created for every 
measured parameter for each categorized CW system (Table 6), using methodology 
adapted from Isaaks and Srivastava (1989).  Semivariance is a type of non-normalized 
correlation coefficient, and the plots in this study show an average semivariance that is 
calculated for a measured parameter at one sampling location at distinct time intervals 
over the course of a CW operation period.   This time series analysis showed distinct 
differences in CW performance over the course of the CW operation period.  The data 
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were then divided into these significantly different time periods before conducting an 
ANOVA.   
Table 6: List of unique constructed wetland categories used for the one-way ANOVA. 
Category Sampling locations in Category 
Inlet Influent wastewater 
upper VF  outlets of CWs 1, 3, 5, and 6 
upper HF  outlets of CWs 2 and 4 
VF-HF  outlets of CWs 7 and 9 
HF-HF  outlet of CW 8 
VF-Slag  outlets of CWs 11 and 12 
HF-Slag  outlet of CW 10 
 
One-way ANOVA was performed using SAS statistical software to determine if 
significant differences exist between the treatment systems.  The categories used (Table 
6) in the one-way ANOVA combined discrete sampling locations into the minimum 
number of unique CW systems.  CW systems were then allocated into significantly 
different groups using Fisher's least-significant-difference multiple comparison test. 
The performance, or efficiency, of the CWs was calculated as a percent reduction 
of the adjusted mass loading rate from the inlet to the outlet of a CW system:  
 
((mass loading rate in – mass loading rate out) / mass loading rate in) * 100. 
 
The efficiencies of the CW categories, from Table 6, were calculated for the duration of 
the sampling period using a 15 day, moving window average.  Comparing the inlet and 
outlet loading rates on the same day might not be a truthful representation of CW 
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performance, and that is why we chose a 15 day window to capture an average that would 
represent a loading rate for a particular day. 
2.2.5. Geochemical Modeling 
The Geochemist‟s Workbench® modeling software was utilized to simulate a 
batch reaction of the chemical oxide constituents of slag mixed with the wastewater 
chemistry from the outlet of CW 6.  This model is an equilibrium model (no kinetics are 
considered); the simulation is analogous to a titration, with slag being titrated into a P 
rich wastewater.  The software calculated chemical speciation and mineral precipitation 
reactions in the wastewater using values of chemical concentrations, temperature, redox 
state, and pH measured at the effluent of CW 6.  In the model, EAF steel slag oxides 
were then added incrementally to the modeled wastewater solution.   
2.3. Results and Discussion 
2.3.1. Time Series Analysis 
The loading rates of BOD5, DRP, and TSS over the course of the 2007 and 2008 
operation periods are displayed in Figure 6 (log scale).  Concentrations varied during the 
sampling periods but the average influent concentrations for BOD5, DRP, TSS, and NH4
+
 
were: 2,500±33% mg/l, 46±24% mg/l, 740±33% mg/l, and 260±38% mg/l, respectively.
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Figure 6: Semi-log plots showing the difference for the wastewater influent and effluent mass loading rates for the six CW systems 
over the 2007 and 2008 operating period.  The x-axis is in units of year days. 
40 
 
A time-series analysis performed on the 2007 and 2008 CW data showed the 
extent to which the discrete CW systems were auto-correlated over time.  A change in 
treatment efficiency over time was detected for the 2008 operating period.  The 
semivariogram for BOD5, measured in 2008 at the outlet of the upper HF CWs, is shown 
in Figure 7a.  This semivariogram is representative of the BOD5 semivariograms for each 
of the other CW categories (Table 6) in 2008, but the influent semivariogram did not 
show a detectable change over the course of the season (Figure 7b).    Note that in Figure 
7a samples collected between 7 and 14 days apart are more correlated than measurements 
separated by 14 days or more.  After 14 days, the semivariance plateaus for an additional 
21 days.  After 35 days, the data again becomes autocorrelated, and does not level off 
until approximately 60 days.  The increasing temporal semivariance indicates that a 
significant difference occurs in the treatment performance of the CWs over the course of 
the 2008 operation period.   
TSS, and temperature also have a second time period where semivariance 
increases (auto-correlation decreases); with the second increase occurring at anywhere 
from 40 to 60 days of separation.  The semivariogram analysis shows the CWs 
performance to be significantly different in the beginning of the summer compared to the 
end of the summer in 2008.  Therefore, the 2008 data were divided into early summer 
(May 7
th
 to June 25
th
) and late summer (July 15
th
 to September 10
th
) (Figure 6), before 
comparing the CW systems with ANOVA.  There was a significant difference (p-value < 
0.0001) in BOD5 and TSS measurements between the beginning of the summer and the 
end of the summer in 2008. 
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Figure 7: Temporal semivariograms for 2008 BOD5 loading rates at: a. the outlet of the 
upper HF CWs, and b. the influent.  The solid lines represent the 95% confidence 
intervals, the dotted line is a best fit model, and the circles represent the binned 
semivariances with a corresponding number of data points used to find the average 
semivariance in the bin. 
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The semivariograms have wide 95% confidence bands, reflecting the stochastic 
behavior of CWs.  Many of the semivariograms had a discontinuity at the origin, called 
the nugget effect (Goovaerts, 1998).  Given the hydraulic residence time of the CW 
systems, it is apparent that weekly sampling did not provide enough resolution to capture 
a more accurate temporal correlation of the measured parameters.  An example of a 
small-scale temporal change that might affect CW mass loading rates is the dilution of 
chemical constituents and the increase of flow from a rain event.  This type of time series 
analysis was better suited at detecting temporal changes that took place over months 
rather than weeks.   
Temperature, BOD5, and TSS had two distinct periods in 2008 when the CW 
systems operated differently.  Time-series analysis showed no detectible difference in the 
influent mass loading rate during 2008, so it was inferred that the differences in mass 
loading of BOD5 and TSS at the CW outlets were due to changes in performance of the 
CWs.  The CWs experienced an increased removal efficiency of BOD5 and TSS during 
late summer of 2008 (Table 7).  Temperature and plant biomass changed from early 
summer to late summer and these factors may have directly influenced CW treatment 
performance.  It is difficult to quantify what single factors affect change in wetland 
treatment performance due to the many chemical, physical, and biological processes at 
work simultaneously (Kadlec, 1999). 
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Table 7: Average percent reduction of measured parameters for fall 2007, early summer 
2008, and late summer 2008. 
Fall 2007 
CW Category BOD5 DRP TSS Ammonia 
upper VF (outlets of CWs 1, 3, 5, and 6) 80% 59% 42% 52% 
upper HF (outlets of CWs 2 and 4) 77% 65% 87% 48% 
VF-HF (outlets of CWs 7 and 9) 89% 68% 94% 61% 
HF-HF (outlet of CW 8) 86% 75% 95% 64% 
VF-Slag (outlets of CWs 11 and 12) 90% >99% 93% 68% 
HF-Slag (outlet of CW 10) 83% >99% 93% 62% 
     Early Summer 2008 
CW Category BOD5 DRP TSS 
 upper VF (outlets of CWs 1, 3, 5, and 6) 78% 56% 81% 
 upper HF (outlets of CWs 2 and 4) 73% 58% 87% 
 VF-HF (outlets of CWs 7 and 9) 87% 67% 92% 
 HF-HF (outlet of CW 8) 82% 68% 92% 
 VF-Slag (outlets of CWs 11 and 12) 83% >99% 92% 
 HF-Slag (outlet of CW 10) 83% >99% 83% 
 
     Late Summer 2008 
CW Category BOD5 DRP TSS Ammonia 
upper VF (outlets of CWs 1, 3, 5, and 6) 91% 50% 95% 53% 
upper HF (outlets of CWs 2 and 4) 91% 55% 94% 54% 
VF-HF (outlets of CWs 7 and 9) 95% 63% 97% 67% 
HF-HF (outlet of CW 8) 96% 63% 97% 63% 
VF-Slag (outlets of CWs 11 and 12) 92% >99% 97% 79% 
HF-Slag (outlet of CW 10) 92% >99% 95% 73% 
 
2.3.2. Constructed Wetland Treatment Efficiency 
The efficiencies (Table 7) of the CWs by category (Table 6) for 2007 and 2008 
were calculated for the duration of the sampling periods using 15 day moving window 
averages, in an attempt to remove short-term stochastic variability, while maintaining 
long-term temporal variation.  The removal efficiency of DRP by the slag systems 
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showed nearly 100% efficiency during both periods (Table 7).  It is notable that the CWs 
performance during the summer of 2008 were marked by two distinct periods of different 
removal efficiencies.  These changes in BOD5 and TSS treatment efficiencies were 
quantified using an ANOVA.  
 
2.3.3. ANOVA  
One of the difficulties with long detention times in these systems is that the CW 
outlet samples do not reflect the influent wastewater for the same snapshot in time, but 
rather a few days prior.  Moreover, a direct comparison of inlet to outlet concentrations, 
over short-time periods, is further complicated because the hydraulic flow through a 
wetland may include multiple paths with different retention times and rate constants 
(Kadlec, 2000).  To avoid the stochastic variability associated with inlet and outlet 
measurements, a long-term sampling period is useful to provide mean values that are 
more representative of the average behavior of a distinct CW (Kadlec, 2000).  In this 
research, data from 2007 was averaged over the operation period to provide an adequate 
sample size for doing a one-way ANOVA.  The times series analysis on the 2008 data 
showed the data to be 1) autocorrelated over a time period of 14 days and 2) not 
completely independent over the summer operation periods.  An underlying assumption 
of ANOVA (and most parametric statistical procedures) is that the data are independent.  
To deal with this, data were divided into two periods for 2008 (early and late summer as 
determined by the time-series analysis), and the number of data points for each period in 
2008 was adequate for an ANOVA.   
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ANOVA for 2007 and 2008 periods showed significant differences (p-value < 
0.05) in all of the measured parameters for the different sampling periods.  As expected, 
the influent BOD5, DRP, TSS, and NH4
+
 mass loading rates were significantly different 
from the effluent of all CW categories (Table 6).  DRP mass loading from the integrated 
CW systems effluent was found to be significantly lower (p-value <0.05) than the DRP 
mass loading of all other CW categories, as expected. 
ANOVA results of BOD5, DRP, TSS, and NH4
+
 mass loading rates for all of the 
other CW categories were more complex and difficult to draw definitive conclusions 
from.   Comparisons of the four measured parameters for each CW category are shown in 
Table 8-Table 11.  For example, in 2007, DRP effluent mass loading rates from the HF-
HF system were found to be significantly lower than the DRP mass loading rates from 
the upper VF systems (Table 8).  Two CWs in-series removing more DRP than one CW 
in-series seems likely, but this significant difference was not found for all of the sampling 
periods in 2008.  DRP removal may not have been significantly different between the 
hybrid and upper CW systems in 2008, because the capacity of the wetland media may 
have reached a threshold for adsorbing P.  Phosphorus can not be biodegraded or off-
gassed in the same manner as nitrogen because P occurs in a sedimentary cycle rather 
than a gaseous cycle (Mitsch and Gosselink, 1993); and the main mechanisms of P 
removal in wetlands are generally attributed to P adsorption and precipitation from 
solution (Mitsch and Gosselink, 1993; Rustige et al., 2003; Vymazal, 2007). 
 
 
 46 
 
Table 8: DRP (mg/(m
2
 ·day)) for Fisher‟s LSD multiple comparisons test, Fall 2007. 
LSD Grouping Mean 
Percent 
Variation N Location       
 
A 2005 ±31% 11 Inlet 
   
 
B 827 ±38% 12 upper VF (outlets of CWs 1, 3, 5, and 6) 
C B 706 ±45% 12 upper HF (outlets of CWs 2 and 4) 
C B 654 ±53% 12 VF-HF (outlets of CWs 7 and 9) 
C 
 
504 ±46% 12 HF-HF (outlet of CW 8) 
 
 
D 5 ±87% 12 VF-Slag (outlets of CWs 11 and 12) 
 
D 1 ±101% 12 HF-Slag (outlet of CW 10) 
  
Table 9: TSS (mg/(m
2
 ·day)) for Fisher‟s LSD multiple comparisons test, Fall 2007. 
LSD 
Grouping Mean 
Percent 
Variation N Location       
A 22307 ±109% 7 Inlet 
   B 11332 ±93% 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
C 2803 ±60% 8 upper HF (outlets of CWs 2 and 4) 
C 1501 ±84% 8 VF-Slag (outlets of CWs 11 and 12) 
C 1340 ±69% 8 HF-Slag (outlet of CW 10) 
 C 1296 ±50% 8 VF-HF (outlets of CWs 7 and 9) 
C 1027 ±43% 8 HF-HF (outlet of CW 8) 
  
Table 10: BOD5 (mg/(m
2
 ·day)) for Fisher‟s LSD multiple comparisons test, late summer 
2008. 
LSD 
Grouping Mean 
Percent 
Variation N Location       
 
A 173491 ±29% 8 Inlet 
   
 
B 17104 ±51% 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
 
B 16463 ±63% 8 upper HF (outlets of CWs 2 and 4) 
 
B 14716 ±27% 8 VF-Slag (outlets of CWs 11 and 12) 
C B 14439 ±58% 8 HF-Slag (outlet of CW 10) 
 C D 8994 ±59% 8 VF-HF (outlets of CWs 7 and 9) 
 
D 7875 ±83% 8 HF-HF (outlet of CW 8) 
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Table 11: Ammonia (mg/(m
2
 ·day)) for Fisher‟s LSD multiple comparisons test, late 
summer 2008. 
LSD 
Grouping Mean 
Percent 
Variation N Location       
 
A 17299 ±30% 6 Inlet 
   
 
B 8067 ±19% 6 upper VF (outlets of CWs 1, 3, 5, and 6) 
 
B 7942 ±21% 6  upper HF (outlets of CWs 2 and 4) 
C B 6201 ±15% 6 HF-HF (outlet of CW 8) 
 C B 5796 ±39% 6 VF-HF (outlets of CWs 7 and 9) 
C B 5002 ±46% 6 HF-Slag (outlet of CW 10) 
 C 
 
4246 ±59% 6 VF-Slag (outlets of CWs 11 and 12) 
 
Total suspended solids removal was generally greater than 80% (Table 7) for all 
of the CW categories.  During 2007 the VF CW systems had a significantly lower (Table 
9) TSS removal efficiency of 46%.  In 2007 the CWs operated with a pulse flow of 
wastewater, and this pulse flow may have introduced turbulence disturbing the sediments 
bound to the media in the CWs.  Furthermore, compost was layered on the CWs 
immediately prior to operation in 2007, and this may have contributed to increased 
suspended solids.  The outlet pipes of the VF CWs are on the bottom of the CW, so 
sediments settling in solution may easily flow into the outlet ports proximal to sampling 
locations.  Suspended solids may lead to eventual clogging, so outlet structures should be 
properly designed for potentially high sediment loads from dairy wastewater. 
In late summer of 2008, BOD5 removal was found to be significantly different in 
the effluent of the hybrid CWs (VF-HF and HF-HF) compared to the effluent of the 
upper VF and upper HF systems (Table 10).  BOD5 kinetics are commonly modeled with 
a first-order reduction model (Davis and Cornwell, 1998; Kadlec and Knight, 1996), so it 
is clear that the hybrid systems, with a two-fold higher retention time, would have more 
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BOD5 removal.  It is unclear why this significant difference was not detected in 2007 and 
early summer of 2008.  The VF-slag systems did not remove as much BOD5 as the HF-
HF system in late summer of 2008.  It has been observed that slag does not substantially 
reduce organics in wastewater (Drizo et al., 2002); but in this study, slag did remove 
BOD.  Slag may not be as conducive for biological removal of organic matter, but late 
summer of 2008 data shows that the integrated systems removed 92% of BOD.   
 Ammonia loading rates in late summer of 2008 show three different multiple 
comparison groups (Table 11); the outlet of the integrated systems have a significantly 
lower loading rate than the upper CW systems.  This significant difference was not found 
in 2007 and ammonia was not measured in early summer 2008.  Ammonia in wastewater 
has been found to adsorb to calcium rich media (Seo et al., 2008).  The elevated pH (>10) 
that is experienced in the slag filter environment shifts the activity of ammonia species 
toward unionized ammonia (NH3), which may be more readily volatilized.  Removal of 
total nitrogen can not be calculated for this study because total nitrogen was not 
measured; and the removal rate of ammonia is uncertain because organic forms of 
nitrogen were likely contributing to the concentration of ammonia in parallel to 
mechanisms that were removing it from solution. 
Apart from changes in the flow regime between the 2007 and 2008 sampling 
periods, differences in performance may have been affected by the higher temperatures 
and vegetation growth in 2008.   The 2008 CW operating period had a different hydraulic 
loading rate, and different climatological conditions from the 2007 CW operating period.  
The 2008 CW operating period was carried out over the course of the growing season.  It 
is well established that temperature plays an important role in CW treatment 
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performances (Kadlec and Knight, 1996; Kadlec, 1999).  The heterotrophic bacteria 
responsible for organic consumption are most likely microorganisms with low to 
midrange temperature optima (psychrophiles and mesophiles respectively), where growth 
rates increase as the optima temperature of around 39° C is approached for mesophiles 
(Madigan and Martinko, 2006).  BOD5 rate constants are considered to increase with 
temperature, for applications of wastewater treatment (Davis and Cornwell, 1998). 
 
2.3.4. Constructed Wetland Geochemistry 
Redox analysis of the CW wastewater indicated reducing conditions.  The 2007 
and 2008 redox analysis with electroanalytical microelectrodes showed that the influent 
wastewater was rich with sulfide, implying a sulfur reducing environment.  As the 
wastewater flowed through the CWs, the environment became less reduced.  The outlet 
measurements generally showed an iron and manganese reducing environment typical of 
most CWs that are not mechanically aerated (Vymazal, 2005).   Transfer of oxygen to 
CW water through plant roots and diffusion at the air water interface was not sufficient to 
sustain aerobic degradation for heterotrophic bacteria in a system of high BOD 
(Vymazal, 2005).  Without air diffusion pumps, improved aerobic conditions could be 
achieved by utilizing vertical flow CWs with unsaturated flow.  Unsaturated VF CWs 
require pumps to provide a pulse flow of wastewater to the CW.  Ultimately, aeration of 
wastewater in CWs requires the addition of pumps.  It may be more economical in 
agricultural settings to use land for a complete treatment of wastewater rather than 
spending money on pumps and the energy to supply them. 
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2.3.5. Slag Geochemical Modeling 
The impressive removal of P from solution by the EAF steel slag phosphorus 
filters is due to the chemical constituents that comprise the slag material and their 
reaction with the incoming wastewater.  Geochemical modeling of the titration of slag 
material into a wastewater composition models the reactions occurring across different 
water:rock interface ratios.  This simulation of a batch experiment may be interpreted as 
an ideal plug flow model, because a decreasing water:rock ratio (indicated by the reaction 
path in Figure 8) could represent a water parcel that is interacting with the surface of 
more slag as it flows through the slag filter.  Figure 8 plots an example of these titration 
results on two different stability diagrams for Fe-H2O-P and Ca-H2O-P systems showing 
different stability fields for mineral phases important in controlling P mobility.  The 
model suggests that hydroxyapatite and vivianite are phosphorus minerals that are 
potentially forming on or around the slag.  Of particular importance in Figure 8 is the 
solution chemistry.  At no point in this simulation are iron oxyhydroxide minerals 
(presented here as the phase Fe(OH)3(ppd)) suggested as being a key part of P mobility in 
the system (through adsorption reactions).  Phosphate minerals are forming that are stable 
in reducing conditions.  The high BOD5 measurements coupled with the detection of 
hydrogen sulfide, iron(II), and manganese(II) in waters sampled from the filters support 
the maintenance of reducing conditions in much of the slag filters where P retention 
likely occurs.  A concomitant study by Bird et al. (2008) further suggests that calcite 
(CaCO3) may be an additionally important Ca phase for removing P, due to the high 
levels of carbonate produced through organic compound mineralization.  Modeling 
shows that hydroxyapatite is precipitating from the model solution first and removing 
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almost all P from solution.  Calcite begins to form after most P is removed from solution, 
and it has been observed from microscopy mineral analysis that calcite is a major 
component of the surface on reacted slag. 
 
Figure 8: Geochemist‟s Workbench® activity diagrams for calcium and iron mineral 
species.  The black squares represent the simulated addition of slag oxides to a P rich 
wastewater solution, and the solid line traces the reaction path from left to right as slag is 
incrementally added to the solution (e.g. the water:rock ratio decreases from left to right). 
 
The effluent from the integrated CWs showed elevated pH measurements in the 
field (ranging from 10 to 12), and this is a concern when releasing wastewater into the 
environment.  This Elevation of pH raises an important design consideration and suggests 
that the slag filters in this experiment have a water:rock ratio that is too low and/or a 
reaction time that is too long.  This finding at a pilot scale is useful; but in application, 
this would be disconcerting because improper sizing of slag filters can be detrimental.  
The elevated pH can be attributed to the protonating of oxides present on the slag; for 
example as H
+
 reacts with calcium oxides, H
+
 is consumed and pH increases:   
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CaO + 2H
+
  Ca++ + H2O. 
A pH of 10 to 12 is approaching the alkalinity of a saturated solution of lime (Madigan 
and Martinko, 2006).  When a small amount of slag reacts with the high P wastewater 
(high water:rock ratio) hydroxyapatite (Ca5(PO4)3(OH)) mineralizes, P is removed from 
solution, and pH remains neutral (Figure 8).  It can be deduced that shortening the contact 
time in a slag filter will prevent elevated pH.  Each box along the titration line in Figure 8 
represents the addition of slag oxides.  This quantity of slag oxide represents the reactive 
area on the EAF steel slag.  Geochemical modeling can help to optimize the performance 
of slag by modeling how much slag should be reacted for a given volume of water, such 
that P is removed from solution and the pH remains low. 
Weber et al. (2007) and Drizo et al. (2008) recently showed that at shorter 
hydraulic retention times (1 day) EAF steel slag filters produce pH values that are 
elevated, only during the first 3 weeks of operation, and then stabilize below a pH of 9.  
The longer hydraulic retention time (5 days and 2.5 days) for the flow through one CW 
employed in this study shows that the EAF steel slag filters can cause elevated pH (11 
average) for a longer operation period.  In practice, utilizing a slag filter before a CW 
might be useful so that alkalinity from the slag may be consumed in the CW.  For 
example nitrification is an acidifying process, so the addition of alkalinity may help to 
buffer this reaction.     
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2.4. Conclusions  
This case study showed the effectiveness of both hybrid and integrated pilot-scale 
CWs for treating dairy wastewater.  The CW systems experienced different loading rates 
in 2007 from 2008, as well as different climatic conditions.  Outcomes from this research 
may be useful for consideration in the design of CWs treating dairy wastewater, but care 
should be taken when scaling hydrologic systems up from pilot-scale to field scale. 
Geostatistical temporal semivariogram analysis indicates a temporal correlation in 
measured parameters over the field season.  This analysis for 2008 suggested 
measurement points were not completely independent and should be separated into two 
groups (May-June and July-September).  Temporal semivariograms also showed TSS and 
BOD5 to have a similar range of correlation for temperature.  Different seasonal effects 
such as temperature and macrophyte biomass were likely responsible for the varying 
treatment performance in 2008. 
ANOVA results demonstrated significant differences exist between the 
categorized CW systems.  Late summer of 2008, during the period of highest macrophyte 
biomass, had the highest rate of nutrient removal.  Hybrid CWs seemed to outperform 
other CW systems in terms of organics removal, and this was significant during the late 
summer of 2008.  The addition of inline slag filters to CW systems provides additional 
capability for removing substantial quantities of P from wastewater streams.  
Geochemical modeling of P removal illustrated that hydroxyapatite and vivianite are 
potentially important minerals controlling P removal from solution in these systems and 
that the maintenance of reducing conditions in much of these systems precludes 
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formation of iron oxyhydroxide minerals that may sorb P species.  The problem of high 
pH effluent that can occur at the outlet of the slag P removing filters needs to be taken 
into account, if slag is to be a viable component of wastewater treatment.  Overall this 
research shows that EAF steel slag P removing filters can be incorporated with CWs to 
achieve a high P removal to supplement the BOD5 and TSS removal that is intrinsic to 
CWs.   
 
2.5. Acknowledgements 
Funding for this research was supplied in part from the United States Department 
of Agriculture (USDA) as a research grant: “Constructed Wetlands Center for Research, 
Education, and Outreach at the University of Vermont: pollutant removal processes and 
mechanisms.”  The College of Engineering and Mathematical Sciences at the University 
of Vermont also provided funding for this research. 
 
2.6. References 
Arias CA, Del Bubba M , Brix H. Phosphorus removal by sands for use as media in 
subsurface flow constructed reed beds. Water Research 2001; 35: 1159-1168. 
 
Bird, S. (2008). Investigations on electric steel slag filters: phosphorus treatment 
performance, removal mechanisms and material reuse, University of Vermont. 
 
Davis M, Cornwell D. Introduction to Enviornmental Engineering, Third Edition. USA: 
McGraw-Hill; 1998. 
 
Drizo A, Comeau Y, Forget C, Chapuis RP.  Phosphorus saturation potential: a parameter 
for estimating the longevity of constructed wetland systems.  Environ Sci Technol 
2002;36:4642-4648. 
 55 
 
Drizo A, Forget C, Chapuis R, Comeau Y. P removal by electric arc furnace steel slag 
and serpentine. Water Research 2006;40:1547-1554. 
 
Drizo A, Cummings J, Weber D, Twohig E, Druschel G, and Bourke B. New Evidence 
for Rejuvenation of Phosphorus Retention Capacity in EAF Steel Slag. Environmental 
Science and Technology 2008;42:6191-6197 
 
Goovaerts P. Geostatistical tools for characterizing the spatial variability of 
microbiological and physic-chemical soil properties. Biol Fertil Soils 1998; 27: 315-334. 
 
Hecky RE, Kilham P. Nutrient limitation of phytoplankton in freshwater and marine 
environments: a review of recent evidence on the effects of enrichment.  Limnol 
Oceanogr 1988;33:796-822. 
Hunt PG, Poach ME. State of the art for animal wastewater treatment in constructed 
wetlands. Water Sci Technol 2001; 44 (11-12): 19-25. 
 
Inskeep WP, Silvertooth JC.  Kinetics of hydroxyapatite precipitation at pH 7.4 to 8.4.  
Geochimica et Cosmochimica Acta 1988;52:1883-1893. 
International Water Association (2006). Wetland Systems for Water Pollution Control. 
Proceedings from the 10
th
 International Conference on Wetland Systems for water 
Pollution Control, held in Lisbon, Portugal, September 2006. 
 
International Water Association (2008). Wetland Systems for Water Pollution Control. 
Proceedings from the 11
th
 International Conference on Wetland Systems for water 
Pollution Control, held in Indore, India, November 2008. 
 
Isaaks E, Srivastava M. Introduction to Applied Geostatistics.  Oxford University Press, 
New York, 1989. 
 
Kadlec R, Knight R. Treatment Wetlands.  CRC Press, Boca Raton, 1996. 
 
Kadlec R.  Chemical, physical, and biological cycles in treatment wetlands.  Water Sci 
and Technol 1999;40(3):37-44. 
 
Kadlec RH. The inadequacy of first-order treatment wetland models.  Ecological 
Engineering 2000a;15:105-119. 
 
Kadlec RH, Knight R, Vymazal J, Brix H, Cooper P, Haberl R (2000b). Constructed 
Wetlands for Pollution Control.  International Water Association, London, UK. 
 
Knight R, Payne V, Borer E, Clarke R, Pries J. Constructed wetlands for livestock 
wastewater management. Ecological Engineering 2000;15:41-55. 
 
 56 
 
Luther GW, Glazer BT, Ma S, Toouwborst RE, Moore TS, Metzger E, Kraiya C, Waite T 
J, Druschel G, Sundby B, Taillefert M, Nuzzio D B, Shank TM, Lewis BL, Brendel PJ. 
Use of voltammetric solid-state (micro)electrodes for studying biogeochemical processes: 
Laboratory measurements to real time measurements with an in situ electrochemical 
analyzer (ISEA). Marine Chemistry 2008;108:221-235. 
 
Madigan M, Martinko J. Brock Biology of Microorganisms.  Prentice Hall, Upper Saddle 
River, 2006. 
 
Mann RA. Phosphorus adsorption and desorption characteristics of constructed wetland 
gravels and steelworks by-products. Austr J Soil Res 1997;35:375-384. 
 
Mitsch WJ, Gosselink JG.  Wetlands, Second Edition. Van Nostrand Reinhold, New 
York, 1993. 
 
Munoz, PA. Flow patterns of dairy wastewater constructed wetlands in a cold climate. 
M.S. Thesis, University of Vermont, 2005. 
 
Munoz P, Drizo A, Hession CW.  Flow patterns of dairy wastewater constructed wetlands 
in a cold climate.  Water Res 2006;40(17):3209-3218. 
 
Newman J, Clausen J, Neafsey J. Seasonal performance of a wetland constructed to 
process dairy milkhouse wastewater in Connecticut. Ecological Engineering 
2000;14:181-198. 
 
Rustige H, Tomac I, Honer G. Investigations on phosphorus retention in subsurface flow 
constructed wetlands. Water Sci and Technol 2003:48(5);67-74. 
 
Seo CS, Hwang SH, Kim HJ, Cho JS, Lee HJ, DeLaune RD, Jugsujinda A, Lee ST, Seo 
JY, Heo JS. Evaluation of 2- and 3-stage combinations of vertical and horizontal flow 
constructed wetlands for treating greenhouse wastewater.  Ecological Engineering 
2008;32:121-132. 
Schaafsma J, Baldwin A, Streb C. An evaluation of a constructed wetland to treat 
wastewater from a dairy farm in Maryland, USA. Ecological Engineering 
2000;14:199206. 
 
Schindler DW. Evolution of phosphorus limitation in lakes.  Science 1977;195:260-262. 
Solar Radiation Data Manual, 1990. 
http://rredc.nrel.gov/solar/old_data/nsrdb/redbook/sum2/14742.txt .  Visited: March, 
2009. 
 57 
 
Spiteri C, Slomp C, Regnier P, Meile C, Van Cappelen P. Modelling the geochemical 
fate and transport of wastewater-derived phosphorus in contrasting groundwater systems.  
Journal of Contaminant Hydrology 2007;92:87-108. 
 
Standard Methods for the Examination of Water and Wastewater, 21
st
 ed. American 
Public Health Association, American Water Works Association, and the Water 
Environment Federation. 2005;  Eaton AD, Clesceri L S, Rice E W, Greenberg AE (Eds).  
 
Vermont Agency of Natural Resources Department of Environmental Conservation, New 
York State Department of Environmental Conservation.  Lake Champlain Phosphorus 
TMDL, 2002.  http://www.vtwaterquality.org/lakes/docs/lp_lctmdl-report.pdf.  Visited 
March 2009. 
 
Vymazal J.  Removal of nutrients in various types of constructed wetlands.  Science of 
the Total Environment 2007;380:48-65. 
 
Vymazal J.  Horizontal sub-surface flow and hybrid constructed wetlands systems for 
wastewater treatment.  Ecological Engineering 2005;25(5):478-490. 
 
Ward A, Trimble S. Environmental Hydrology, Second Edition. USA: Lewis Publishers; 
2004.  
 
Weber D, Drizo A, Twohig E, Bird S, Ross D. Upgrading constructed wetlands 
phosphorus reduction from a dairy effluent using EAF steel slag filters.  Water Science 
and Technology 2007;56(3):135-143. 
 
 
 
 
 
 
 
 
 
 
 58 
 
Conclusions and Future Implications 
 
 The pollution of water bodies globally is motivation for the continued research for 
treating agricultural wastewater.  Agricultural wastewater is a leading cause of excess 
nutrient loading into Lake Champlain, and phosphorus is a major concern because it is 
not as readily removed from the environment like nitrogen.  In this study, I investigated 
the use of pilot-scale CWs integrated with steel slag phosphorus removing filters for 
treating dairy wastewater.  Three hybrid CWs (two CWs operating in-series) were 
compared with the treatment capability of three integrated CWs (one CW followed in-
series by a slag P removing filter).  The systems were operated under different climatic 
conditions and with different loading rates.   
Time-series temporal semivariograms detected that there were significant 
differences in treatment performance in 2008 for both TSS and BOD5 over the course of 
the operation period (May to September).  The CWs were the most efficient in late 
summer of 2008, when there was the highest macrophyte biomass.  Overall the CW 
systems were efficient at removing organic matter and TSS.  The percent reduction of 
TSS and BOD5 for the CW systems was above 70% and generally was more then 90%.  
Ammonia removal was not as good (ranging from 48 to 79% in all of the CW systems), 
and nitrate was seldom present above detection limits.  Lack of nitrogen removal was 
probably due to the intense loading of organics into the CWs.  Further treatment of the 
wastewater would be required if this wastewater was to enter natural water bodies. 
Phosphorus removal ranged from 50 to 75% in the hybrid CWs.  However, the 
integrated CWs removed almost all DRP from the wastewater.  Slag geochemistry was 
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modeled to simulate what minerals form when the P rich dairy wastewater reacts with it.  
Proper sizing of slag filters should involve determining the correct water:rock interface 
ratio so that P is removed from solution while still maintaining a reasonable pH.  The 
electric arc furnace steel slag used in this research is rich in calcium and iron, and further 
research could be performed to determine experimentally what water:rock ratios are 
desirable in practice. 
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Appendices 
A. Raw Data 
The following tables (Table 12-Table 25) provide raw data measurements that 
were used in the statistical analyses of the pilot-scale CWs.  The Influent column is 
representative of the wastewater entering the first in-series CWs.  The rows labeled with 
a numbered CW (e.g. CW1) are representative of the wastewater effluent from the 
corresponding CW.  The dashed lines within the data tables represent values that do not 
exist for the particular time and location.  For the BOD5 data tables there is a 
considerable portion of missing measurements in fall 2007 due to inadequate wastewater 
dilution concentrations during BOD5 analysis.  For example, when there is too much 
dilution of wastewater for the BOD5 analysis there is no detectible change in oxygen 
concentration over five days.  Conversely, when the wastewater solution is too 
concentrated with organic matter all of the oxygen in solution is consumed and the BOD5 
can not be calculated.  Another shortfall in the 2007 data set is the lack of dissolved 
oxygen measurements, but we know from the redox analysis (Appendix B) that the 
wastewater was always fairly reduced.  Overall the dataset from 2008 is more complete. 
The last table in this appendix is a representative ICP data set.  The main use of 
ICP data for this study was for input into the Geochemist‟s Workbench speciation 
program.   ICP analysis was not performed regularly, but it does show that there must be 
forms of P other then DRP in the wastewater.  For example at the outlet of one of the slag 
filters (CW 12) there is a total P concentration of  2.9 mg/l and a DRP concentration of 
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0.2 mg/l.  Although the P concentration is low, further analysis into what forms of P exist 
coming out of slag filters might be interesting for future studies. 
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Table 12: Concentrations of BOD5 in mg/l for 2007.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
08/10/07 2255 ---- 52 128.8 ---- 39.2 ---- 56.1 93 84 8.83 ---- ---- 
08/16/07 586 ---- ---- ---- ---- 1258 ---- ---- 1136 ---- 732 512 723 
08/22/07 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 1320 732 1240 
08/30/07 2905 1008 1294 1028 1364 1014 1338 1196 1354 1092 1034 784 942 
09/06/07 1745 1624 2870 2240 2550 ---- 2310 ---- ---- ---- 1296 1016 1464 
09/13/07 2145 1128 2030 1152 ---- 806 1150 1074 1354 1362 1790 1190 1068 
09/20/07 3585 ---- 566 806 1522 534 696 351.5 418 433.5 606 384 494 
10/11/07 5870 3580 2198 2324 2526 2188 2301 1549 2102 2105 2562 822 876 
11/29/07 2392.5 975.5 802 1325.5 1206 1110 1084 1216.5 1218 1149 900 811.5 332 
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Table 13: Concentrations of BOD5 in mg/l for 2008.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
05/07/08 1560 ---- ---- 460 ---- 330 694 ---- ---- ---- ---- ---- ---- 
05/14/08 2755 1340 618 994 916 1900 1720 380 ---- 410 368 614 656 
05/28/08 1950 2410 2740 1420 2330 1510 1640 740 1480 1348 1072 1302 1352 
06/04/08 3848 2035 1680 2140 2225 1030 1330 1270 1180 1205 1760 1580 1445 
06/11/08 3610 940 1973 2028 1783 1305 1398 578 840 1300 1300 1218 1080 
06/18/08 3830 1390 960 1533 1563 555 500 560 560 555 1315 545 775 
06/25/08 2473 627 972 914 1327 442 753 303 203 300 853 868 594 
07/15/08 2428 1065 856 813 977 841 651 373 362 297 808 458 543 
07/23/08 1838 420 565 358 451 315 319 287 376 270 365 227 470 
07/30/08 3110 413 210 280 235 241 283 248 184 211 338 231 333 
08/06/08 1433 218 221 258 233 243 234 ---- 220 237 381 493 222 
08/13/08 3308 962 396 1041 914 760 408 138 119 748 229 325 302 
08/20/08 1925 549 217 283 250 244 443 116 114 131 357 557 373 
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Table 14: Concentrations of DRP in mg/l for 2007.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
08/10/07 47.25 23.50 5.10 13.80 8.05 6.95 15.65 15.65 14.65 15.25 0.04 0.05 0.05 
08/16/07 15.55 53.60 51.65 41.25 51.60 34.70 44.70 31.05 20.70 26.90 0.03 0.03 0.06 
08/22/07 58.05 40.25 37.75 30.80 37.20 43.15 38.05 31.00 26.45 23.80 0.02 0.06 0.06 
08/30/07 56.55 41.90 36.65 38.50 38.75 41.10 36.45 44.00 41.65 39.30 0.05 0.10 0.16 
09/06/07 55.65 83.25 90.70 74.10 83.20 80.25 76.30 65.30 55.40 60.10 0.09 0.10 0.47 
09/13/07 49.20 54.60 56.45 60.80 47.10 60.90 52.40 52.20 40.10 53.55 0.06 0.08 0.17 
09/27/07 63.85 52.20 28.60 35.90 22.30 42.50 49.30 38.10 26.00 39.45 0.02 0.17 0.35 
10/04/07 ---- 68.70 38.40 68.75 41.65 57.35 60.60 57.10 30.70 59.15 0.07 0.31 0.71 
10/11/07 79.15 42.20 52.10 56.60 41.15 48.90 63.80 34.40 37.00 49.85 0.09 0.46 0.69 
10/18/07 53.45 50.20 37.05 49.30 36.25 51.00 54.80 49.20 32.55 49.00 0.07 0.38 0.65 
10/25/07 34.70 37.30 36.80 41.30 39.30 47.60 43.25 45.25 36.90 43.50 0.15 0.38 0.56 
11/01/07 59.35 43.25 35.40 46.10 35.10 38.70 47.55 37.90 36.70 39.15 0.27 0.47 0.62 
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Table 15: Concentrations of DRP in mg/l for 2008.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
05/07/08 20.35 11.83 5.55 9.93 5.67 10.52 15.85 9.46 6.50 8.63 0.08 0.04 0.05 
05/14/08 55.54 33.29 19.48 28.53 26.94 39.28 42.95 14.10 15.94 13.62 0.09 0.11 0.16 
05/21/08 54.08 44.21 42.44 41.43 43.33 39.91 47.38 25.24 30.43 31.44 0.13 0.14 0.18 
05/28/08 61.93 59.78 67.49 61.29 60.54 63.95 64.71 37.26 43.33 43.46 0.18 0.76 0.30 
06/04/08 44.53 40.90 44.18 45.12 42.42 43.95 41.25 37.61 31.51 39.84 0.13 0.05 0.10 
06/11/08 42.72 41.38 47.71 46.50 45.16 47.11 48.81 32.25 36.03 42.11 ---- 0.62 0.25 
06/18/08 52.59 48.63 45.19 31.69 51.67 55.90 61.33 43.20 45.05 51.27 0.45 0.47 0.23 
06/25/08 39.23 45.32 35.39 38.04 41.35 47.43 35.79 40.29 32.48 33.54 0.11 0.25 0.81 
07/23/08 27.86 34.53 28.34 36.10 33.31 34.65 34.65 32.22 27.62 25.80 0.31 0.09 0.40 
07/30/08 38.40 33.19 28.34 33.07 27.62 25.68 28.59 23.13 23.25 18.04 0.27 0.11 0.21 
08/06/08 29.27 36.93 35.14 32.08 27.11 26.85 36.42 25.83 24.43 19.58 0.15 0.19 0.31 
08/13/08 46.88 44.71 36.29 42.67 34.89 42.92 42.92 31.44 26.21 33.48 0.26 0.13 0.24 
08/20/08 36.93 45.73 41.27 48.92 24.43 25.57 28.25 35.91 44.96 37.82 ---- 0.16 0.68 
08/26/08 50.07 34.38 45.86 45.35 44.33 50.32 46.75 22.00 20.47 24.30 0.49 0.31 0.71 
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Table 16: Concentrations of TSS in mg/l for 2007.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
08/10/07 672.9 49.8 11.9 47.5 34.5 30.5 35.3 13.4 23.4 9.3 2.5 4.8 25.3 
08/16/07 86.0 251.5 198.6 190.4 232.5 90.0 198.0 179.8 142.8 110.9 109.7 65.6 111.7 
08/22/07 645.5 294.0 243.3 216.6 212.2 124.3 250.3 97.1 102.9 ---- 85.6 102.6 122.9 
08/30/07 ---- 323.3 84.8 334.4 65.0 115.8 476.4 80.2 92.6 118.6 85.5 127.5 179.0 
09/06/07 277.5 704.8 414.8 682.0 321.5 480.5 573.5 153.5 97.7 112.7 86.6 77.6 270.8 
09/20/07 964.0 1946.0 178.7 1551.3 233.3 1247.1 1675.0 122.0 86.0 122.5 158.0 213.7 365.7 
10/18/07 754.0 726.0 164.8 1320.0 101.6 694.7 1237.1 79.2 41.2 88.4 128.4 75.4 41.4 
11/01/07 656.0 3162.0 156.8 930.0 119.6 520.0 389.0 105.6 84.8 104.4 113.2 80.4 40.8 
11/29/07 3305.6 1018.3 140.0 725.8 ---- 1205.7 1392.0 54.4 41.2 70.8 71.0 111.7 103.3 
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Table 17: Concentrations of TSS in mg/l for 2008.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
05/14/08 790.7 346.0 133.6 266.8 101.6 471.9 422.7 242.3 119.3 163.3 237.7 111.0 133.7 
05/21/08 572.0 276.0 304.0 343.0 215.0 171.5 421.5 301.5 353.0 268.0 265.0 105.0 145.7 
05/28/08 1086.7 399.3 312.0 111.3 296.7 426.0 206.7 61.5 163.0 73.5 330.4 196.0 159.6 
06/04/08 616.0 292.7 118.7 256.0 96.0 162.7 234.7 83.0 28.0 71.0 144.0 246.4 56.4 
06/11/08 430.7 188.5 362.0 112.0 170.0 15.5 593.0 16.8 52.8 67.2 216.0 136.0 85.2 
06/18/08 916.0 247.5 165.0 682.5 110.0 153.5 153.0 98.8 60.8 48.4 248.0 61.6 100.4 
06/25/08 500.0 291.5 122.0 158.0 95.0 54.5 199.5 86.4 46.0 60.4 278.0 44.4 55.6 
07/16/08 804.0 85.0 83.0 36.0 84.5 64.5 147.5 31.2 33.6 46.0 142.4 ---- 70.4 
07/23/08 726.0 86.5 87.0 55.0 98.0 80.0 41.0 22.4 61.6 11.6 25.2 12.0 44.0 
07/30/08 1187.3 83.3 52.0 52.7 22.0 83.3 74.7 51.0 30.0 38.0 50.5 ---- 38.0 
08/06/08 520.0 69.0 61.5 23.5 ---- 59.0 28.5 ---- 9.6 4.8 20.0 ---- 2.4 
08/13/08 517.3 96.0 40.0 83.3 81.3 106.0 76.7 79.5 13.5 94.0 54.5 46.5 22.0 
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Table 18: Concentrations of ammonia in mg/l for 2007.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
08/10/07 286.0 71.4 18.3 14.6 45.0 8.8 78.8 19.8 13.9 15.2 8.8 10.5 23.6 
08/16/07 40.4 272.0 242.0 140.4 294.0 136.2 204.0 147.0 117.8 112.2 153.0 70.6 156.0 
08/22/07 186.6 248.0 276.0 236.0 334.0 228.0 252.0 197.6 185.8 187.6 216.0 132.2 224.0 
08/30/07 334.0 258.0 240.0 169.4 282.0 232.0 288.0 264.0 238.0 222.0 198.0 185.4 248.0 
09/06/07 155.4 362.0 378.0 266.0 322.0 316.0 338.0 288.0 230.0 330.0 274.0 254.0 310.0 
09/13/07 131.4 212.0 262.0 175.4 274.0 174.2 180.2 181.6 198.6 171.6 178.2 129.2 151.0 
09/20/07 216.0 238.0 184.0 242.0 224.0 222.0 224.0 210.0 220.0 178.4 159.8 133.2 ---- 
10/04/07 ---- 230.0 232.0 238.0 274.0 236.0 268.0 238.0 198.4 226.0 254.0 218.0 204.0 
10/11/07 298.0 238.0 232.0 212.0 262.0 250.0 266.0 280.0 206.0 214.0 292.0 206.0 193.6 
10/17/07 312.0 318.0 234.0 272.0 282.0 264.0 252.0 254.0 228.0 246.0 220.0 242.0 208.0 
10/24/07 192.8 306.0 210.0 198.4 232.0 216.0 234.0 216.0 174.6 256.0 202.0 268.0 159.8 
11/01/07 404.0 320.0 230.0 278.0 232.0 262.0 318.0 250.0 212.0 212.0 200.0 183.0 177.2 
11/08/07 320.0 272.0 352.0 336.0 342.0 286.0 328.0 226.0 326.0 252.0 278.0 256.0 26.0 
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Table 19: Concentrations of ammonia in mg/l for 2008.   
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
07/30/08 192.6 163.4 190.2 202.0 176.6 159.4 142.0 129.2 139.4 95.2 66.6 25.6 42.6 
08/06/08 152.2 181.4 151.0 145.6 120.6 115.4 154.0 118.0 111.0 66.8 59.6 49.6 10.5 
08/13/08 314.0 238.0 197.4 238.0 187.2 234.0 220.0 8.3 183.6 160.4 266.0 121.2 89.0 
08/20/08 220.0 238.0 276.0 264.0 254.0 240.0 222.0 246.0 216.0 218.0 143.0 189.8 172.2 
08/26/08 171.2 226.0 244.0 266.0 228.0 254.0 252.0 226.0 206.0 250.0 153.4 195.0 187.4 
09/10/08 298.0 258.0 262.0 270.0 278.0 282.0 258.0 250.0 186.0 196.6 174.6 220.0 184.4 
 
Table 20: Temperature (°C) measurements for 2007. 
date Influent 
VF CW 
1 
HF CW 
2 
VF 
CW 3 
HF 
CW 4 
VF CW 
5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
8/16/2007 22.2 24.6 25.8 25.6 26.9 25.2 25.8 23.9 25.2 25.4 25.5 25.7 26.4 
8/22/2007 ---- 19.7 18.4 18.0 18.1 17.5 17.1 17.3 17.5 17.2 17.0 16.3 11.0 
8/30/2007 ---- 23.5 22.0 21.8 21.6 21.8 21.0 20.7 20.9 21.0 20.4 21.2 21.0 
9/6/2007 22.9 18.4 18.0 17.6 18.1 17.5 17.6 17.4 17.3 17.4 17.1 16.7 16.0 
9/13/2007 20.6 18.7 17.4 17.2 17.4 17.0 16.9 16.8 16.9 16.9 16.4 16.4 15.9 
9/20/2007 23.3 16.0 15.9 15.9 15.8 15.3 15.3 15.5 15.2 15.1 15.0 14.8 14.4 
9/27/2007 21.7 20.0 19.7 19.5 19.3 19.0 19.3 18.5 18.3 18.4 18.4 18.0 18.6 
10/4/2007 ---- 17.7 17.2 17.3 17.0 17.0 16.7 16.4 16.1 16.2 16.0 16.0 16.0 
10/18/2007 17.6 12.7 11.9 12.0 11.9 11.9 12.0 11.9 11.4 11.3 11.0 11.2 10.9 
10/25/2007 16.5 13.4 12.6 12.6 12.7 13.0 12.2 12.1 12.4 12.3 11.8 12.5 12.8 
11/1/2007 13.7 9.8 9.0 9.3 9.2 9.3 9.0 9.1 9.2 9.3 9.2 9.2 9.1 
11/8/2007 10.1 8.5 6.4 6.3 6.5 6.5 6.9 6.6 6.2 6.3 6.0 6.1 6.0 
11/29/2007 7.0 4.6 2.8 1.9 2.5 3.2 3.3 2.4 2.1 1.9 1.9 2.3 1.9 
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Table 21: Temperature (°C) measurements for 2008. 
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
5/7/2008 15.8 14.0 12.9 13.0 12.6 12.8 12.9 14.5 13.2 14.2 14.3 14.4 15.2 
5/14/2008 17.3 18.2 18.3 19.4 17.6 18.0 18.6 19.3 18.6 16.5 17.5 15.6 15.3 
5/21/2008 16.3 12.2 12.7 11.5 13.0 12.8 13.0 14.7 13.6 13.5 12.9 12.6 12.3 
5/28/2008 13.6 13.0 13.4 12.6 12.5 12.3 12.4 12.1 12.2 12.1 12.6 13.1 12.5 
6/11/2008 24.9 25.6 24.8 23.8 25.1 23.6 22.8 23.1 23.2 22.9 24.7 24.1 24.6 
6/18/2008 20.6 20.3 20.1 20.3 19.9 20.3 20.4 19.8 19.8 20.4 21.2 20.3 21.2 
6/25/2008 21.4 21.8 20.0 20.8 21.4 21.2 20.0 20.4 20.1 19.9 21.0 20.2 19.0 
7/15/2008 21.9 22.8 21.9 22.0 21.8 21.8 21.8 21.6 21.6 21.8 23.0 22.1 21.5 
7/23/2008 21.6 21.0 21.1 20.9 21.2 21.2 21.6 21.3 20.5 20.8 21.0 21.2 21.2 
7/30/2008 23.3 23.0 22.3 22.6 22.1 21.8 22.0 22.4 21.5 21.9 22.4 21.5 21.8 
8/6/2008 23.4 22.1 21.8 21.6 21.6 21.3 21.1 21.2 20.9 21.0 21.2 21.1 21.0 
8/13/2008 21.1 20.7 20.5 20.6 20.5 20.7 20.7 19.9 19.8 19.8 19.9 19.9 19.8 
8/20/2008 20.4 21.2 21.0 20.3 20.8 20.5 20.4 19.7 19.3 19.2 19.7 19.0 18.7 
8/26/2008 18.4 18.7 18.3 18.9 19.0 19.0 19.0 18.2 17.9 17.9 18.4 18.3 17.8 
9/10/2008 19.3 19.0 18.5 19.1 19.7 19.0 18.9 18.7 18.5 19.0 18.4 18.3 18.0 
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Table 22: pH measurements for 2007. 
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
8/16/2007 6.1 6.3 6.4 6.5 6.4 6.8 6.5 6.7 6.8 6.8 10.9 11.3 11.3 
8/22/2007 ---- 6.9 6.6 6.8 6.6 7.1 6.8 7.1 7.1 7.2 ---- ---- ---- 
8/30/2007 ---- 6.8 6.7 6.9 6.7 7.0 6.8 7.0 7.0 6.9 11.2 11.4 10.6 
9/6/2007 5.6 6.6 6.1 6.5 6.1 6.7 6.6 6.8 6.9 6.8 11.3 11.6 10.4 
9/13/2007 6.6 6.8 6.6 6.7 6.6 6.8 6.8 6.8 6.7 6.7 11.4 11.6 11.3 
9/20/2007 6.0 6.8 6.8 6.8 6.7 6.9 7.0 7.0 6.9 7.0 11.6 11.9 11.6 
9/27/2007 5.7 6.9 6.7 6.9 6.5 6.9 6.9 7.0 7.0 7.0 11.6 11.8 11.2 
10/4/2007 ---- 7.0 6.8 7.0 6.6 6.9 6.9 7.0 7.0 7.0 11.7 11.7 11.4 
10/11/2007 6.5 7.0 6.9 6.9 6.9 7.1 7.0 7.0 7.0 7.2 11.7 11.7 11.7 
10/18/2007 6.8 7.0 6.9 7.0 6.8 7.0 7.1 7.1 7.0 7.0 11.5 11.6 11.6 
10/25/2007 6.8 7.0 6.8 7.0 6.9 6.9 7.1 7.1 7.0 7.0 11.6 11.7 11.7 
11/1/2007 6.6 6.8 6.9 6.9 7.0 7.0 6.9 7.0 7.0 7.0 11.4 11.5 11.5 
11/8/2007 6.8 6.9 6.9 7.0 6.8 7.0 7.0 7.0 7.1 7.1 11.1 11.5 11.6 
11/29/2007 7.1 6.8 7.0 6.9 6.8 6.9 6.9 6.9 7.0 6.9 11.2 11.5 10.1 
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Table 23: pH measurements for 2008. 
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
5/7/2008 7.22 6.89 7.06 6.97 6.99 6.82 6.95 7.11 7.19 7.10 11.29 11.41 11.06 
5/14/2008 6.19 6.82 6.78 6.80 6.66 6.74 6.67 6.92 6.97 6.85 10.98 11.52 11.31 
5/21/2008 6.31 6.59 6.29 6.57 6.44 6.73 6.56 6.86 6.58 6.62 11.17 11.45 11.34 
5/28/2008 6.43 6.58 6.50 6.68 6.35 6.67 6.60 6.78 6.76 6.86 11.54 11.82 11.37 
6/11/2008 6.25 6.98 6.84 6.78 6.75 6.85 6.78 6.90 6.95 6.73 10.55 11.23 10.64 
6/18/2008 6.23 6.82 6.86 6.81 6.72 7.05 6.99 6.98 7.04 6.99 10.61 11.63 11.28 
6/25/2008 6.64 6.97 6.81 6.93 6.75 7.03 6.98 7.13 7.15 6.98 10.89 11.37 10.53 
7/15/2008 6.60 6.97 6.99 6.96 6.88 6.92 7.02 7.05 7.13 7.18 10.97 11.46 10.87 
7/23/2008 6.54 6.92 6.86 6.91 6.90 6.96 6.95 7.13 6.94 7.00 11.05 11.35 10.20 
7/30/2008 5.88 6.93 7.07 6.97 6.89 6.94 6.88 7.10 7.23 7.46 11.13 11.08 10.11 
8/6/2008 6.95 6.89 6.84 6.88 6.83 6.94 6.86 6.93 6.95 6.94 11.23 11.30 10.06 
8/13/2008 6.39 6.89 6.92 6.79 6.73 6.91 6.90 7.06 7.01 6.82 10.93 11.31 9.80 
8/20/2008 6.97 7.05 7.21 7.06 7.07 7.04 6.96 7.16 7.17 7.15 10.75 11.50 10.08 
8/26/2008 6.47 6.98 7.12 6.97 7.06 7.04 6.96 7.25 7.41 7.33 10.61 11.56 10.52 
9/10/2008 6.50 7.11 7.18 6.99 6.99 7.05 7.05 7.35 7.89 7.84 11.48 11.78 10.44 
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Table 24: Concentrations of dissolved oxygen in mg/l for 2008.  
date Influent 
VF 
CW 1 
HF 
CW 2 
VF 
CW 3 
HF 
CW 4 
VF 
CW 5 
VF 
CW 6 
HF 
CW 7 
HF 
CW 8 
HF 
CW 9 
SLAG 
CW 10 
SLAG 
CW 11 
SLAG 
CW 12 
5/7/2008 0.1 1.7 1.2 1.6 1.2 1.5 0.8 1.6 1.7 2.0 1.5 1.7 1.7 
5/14/2008 0.2 0.5 0.5 0.3 0.4 0.2 0.2 1.0 0.9 1.9 1.7 1.5 1.5 
5/21/2008 0.1 0.5 1.0 1.4 0.8 0.4 0.2 0.8 0.8 0.9 2.4 2.4 1.1 
5/28/2008 0.3 0.9 0.6 0.7 0.5 0.4 0.2 0.4 0.5 0.5 0.4 0.7 2.0 
6/11/2008 0.0 0.0 0.8 0.4 1.1 0.2 0.1 0.2 0.3 0.4 0.7 0.3 1.0 
6/18/2008 0.0 0.1 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.4 0.2 0.2 0.5 
6/25/2008 0.0 0.6 0.1 0.6 0.6 1.8 1.0 1.5 1.8 1.2 0.3 1.0 1.3 
7/23/2008 0.0 0.2 0.2 0.5 0.4 0.4 0.3 0.1 0.3 0.7 0.7 1.0 1.3 
7/30/2008 0.0 0.4 0.6 1.5 0.9 0.2 0.3 0.2 0.8 0.4 0.7 1.4 1.7 
8/6/2008 0.0 1.0 1.0 1.4 1.5 0.9 0.7 1.0 1.0 1.1 1.5 1.3 3.1 
8/13/2008 0.2 0.4 0.5 0.2 0.2 0.4 0.4 1.2 1.1 0.5 0.8 0.8 1.1 
8/20/2008 0.1 0.4 1.1 0.3 0.6 0.5 0.2 0.6 1.5 1.3 0.9 0.7 1.1 
8/26/2008 0.5 0.4 0.6 0.3 0.6 0.8 0.4 0.8 1.0 1.3 1.4 0.7 1.1 
 
 
 
 
 
 
 80 
 
Table 25: Sample ICP data results for early summer of 2008. 
5/21/2008 Ca P K Mg Na Al Fe Mn B Cu Zn S 
Blank 1 0.37 < 0.1 0.06 0.05 0.07 0.69 0.13 0.00 < 0.1 0.06 0.01 < 0.1 
Blank 2 0.18 < 0.1 0.05 0.05 0.22 0.66 0.11 0.00 < 0.1 0.05 0.02 < 0.1 
Influent 65.27 57.93 > 150 40.19 243.50 0.79 1.93 0.61 0.21 3.69 0.74 29.07 
CW 1 69.16 51.82 > 150 35.53 189.06 0.80 4.91 1.60 0.21 0.86 0.45 13.07 
CW 2 80.16 59.37 > 150 36.19 192.39 0.77 11.13 2.58 0.23 0.69 0.44 11.96 
CW 3 76.49 53.82 > 150 35.75 191.28 0.69 8.57 2.21 0.21 0.80 0.58 9.67 
CW 4 78.93 50.48 > 150 37.41 194.61 0.88 12.83 3.27 0.23 0.71 0.49 8.90 
CW 5 105.27 51.37 > 150 44.64 209.06 1.21 9.28 3.04 0.23 0.73 0.44 8.60 
CW 6 73.05 52.82 > 150 38.75 206.84 0.95 6.48 1.69 0.32 1.12 0.50 11.96 
CW 7 109.49 35.48 > 150 32.86 145.72 0.95 17.49 2.80 0.25 0.46 0.34 5.73 
CW 8 113.16 50.04 > 150 38.97 177.95 0.99 26.83 4.50 0.30 0.68 0.47 8.96 
CW 9 114.27 48.82 > 150 42.30 189.06 1.21 20.05 3.79 0.29 0.55 0.41 7.07 
CW 10 138.71 6.04 > 150 2.65 112.39 1.34 3.47 0.30 0.39 0.52 0.34 9.23 
CW 11 169.82 2.23 > 150 0.23 161.28 1.21 0.87 0.05 0.23 0.58 0.42 9.92 
CW 12 237.60 3.06 > 150 0.60 170.17 1.34 1.27 0.06 0.19 0.53 0.37 10.90 
81 
 
B. Analyses background and techniques 
Redox Chemistry 
The redox species that exist in the water samples from the pilot-scale constructed 
wetlands were measured using applied electroanalytical chemistry. The voltammetric 
method for detecting analytes in solution was conducted with three electrodes: a 
reference electrode (Ag/AgCl), a working electrode (Au-Hg), and a counter electrode 
(Pt).  The working electrode measures the current in the solution, the reference electrode 
maintains a constant potential throughout the experiment, and the counter electrode is 
used to conduct electricity through the solution.  Mercury is used for the working 
electrode because it has a high overpotential for water, therefore the electrode potentials 
can become more negative than the thermodynamic equilibrium potential for water to 
become reduced to hydrogen gas (Lorenson, 2006).  The voltammetric electrodes 
produce a potential vs. current curve, where the current at a particular potential describes 
a particular redox reaction.  This electroanalytical chemistry technique allows for 
measuring more then one chemical species at the same time and location (Luther et al., 
2008). 
Following are representative scans that were created using the voltammetric 
electrodes in wastewater samples from the pilot-scale CWs.  The most reduced samples 
from my research were directly from the influent wastewater.  The influent wastewater 
always contained sulfide (H2S).  Wastewater leaving either the first in-seires or second 
in-series CWs was always reduced to varying degrees; these wastewaters commonly had 
Fe(III), Fe(II), and Mn(II).  The presence of multiple redox species simultaneously in one 
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wastewater sample illustrates that the redox potentials for these species overlap.  The 
voltammetric potentials for redox species that have been detected with this technique are 
listed in Luther et al. (2008). 
 
 
Figure 9: Representative voltamogram for influent wastewater (9/13/07). 
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Figure 10: Representative voltamogram for wastewater leaving a first in-series 
CW(9/13/07). 
 
 
Figure 11: Representative voltamogram for wastewater leaving a second in-series CW 
(9/13/07). 
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Figure 12: Representative voltamogram for wastewater leaving a slag filter (9/13/07). 
 
Biochemical Oxygen Demand (BOD) 
In CWs it is important to quantify the removal of BOD because excess loading of 
organic matter into natural water bodies can lead to decreased oxygen levels and fish 
kills.  Measuring the maximum available organic matter (ultimate BOD), and the rate of 
consumption of the organic matter (k) in wastewater is imperative for understanding how 
quickly the organic matter will be treated in a biological system.  A statistical 
comparison, by Oke and Akindahunsi (2005), of the different methods used to find these 
BOD parameters showed that the Thomas Graphical Method had a relatively small error 
and an acceptable goodness of fit (R
2
=0.96).  
It is assumed that the rate of oxygen consumption is directly related to the amount 
of degradable organic matter available.  A first order reaction rate can be utilized to 
mathematically describe the decay of BOD (Davis and Cornwell, 1998): 
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A
t r
dt
dL
 
 
Where: 
Lt = oxygen equivalent of the organics remaining at time t, mg/l 
-rA = -kLt 
k = reaction rate constant, d
-1
 
Rearranging and integration of this first order reaction yields: 
kt
Ot eLL  
Where: 
Lo = oxygen equivalent of organics at t=0 
The amount of oxygen used in the consumption of organics over time t is referred to as 
BODt and it is the difference between Lo and Lt: 
)1(0
kt
t eLBOD  
When BODt and Lo agree then the ultimate BOD has been achieved.  The ultimate BOD 
is directly proportional to the available organic matter, but the rate constant (Table 26) of 
how fast the oxygen will be depleted is dependent on different variables: nature of the 
waste, ability of the organism to utilize the waste, and temperature.  The Thomas‟ 
Graphical Method is a simple method of determining the ultimate BOD. 
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Table 26: Typical values for the BOD rate constant (developed from Davis and 
Cornwell, 1998) 
sample 
k (20°C) 
(1/day) 
raw sewage 0.35-0.70 
well-treated 
sewage 0.12-0.23 
polluted river 
water 0.12-0.23 
 
The rate constant can be adjusted for the temperature of a receiving water body by 
considering the receiving water body temperature: 
20
20 )(
T
t kk  
Where: 
T = temperature of interest, °C 
kt = BOD rate constant at the temperature of interest (1/day) 
k20 = BOD rate constant determined at 20°C (1/day) 
θ = temperature coefficient (1.135 for 4<T<20°C and 1.056 for 20<T<30°C) 
 
The ultimate BOD and volumetric rate constant (Lo and k) were determined for the 
wastewater at different stages in the CWs using the Thomas‟ Graphical Method described 
by Davis and Cornwell (1998).  Using other first-order graphical methods requires 
knowledge of the initial conditions (Lo), which is one of the variables being determined.  
By incorporating the series expansion of: 
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kteF 11   and   
3
2 ))6
1(1)(( ktktF  
into the BOD rate equation:  
)1( ktot eLBOD , 
and rearranging, an approximate equation may be obtained as:  
)(
)(6
)(
)(
1
3
1
3
2
3
1
3
1
t
L
k
kLBOD
t
oo
t
. 
The BOD from one sample was measured on multiple days (e.g. BOD1, BOD2…) and 
then plotted with (t/BOD)
1/3
 on the vertical axis and time on the horizontal axis.  Using 
the slope and intercept of the line it was possible to determine the Lo and k for the 
wastewater. 
The BOD measured for four different wastewater samples (wastewater influent, 
CW1 effluent, CW4 effluent, CW7 effluent) on multiple days was used to determine the 
BOD constants, Lo and k, using the Thomas‟ Graphical Method (Figure 13).  The trend 
and variation in the rate constants agree with Kadlec‟s (2000) argument that assuming a 
constant k value is not practical.  The k values derived in the experiment represent 
volumetric rate constants that can also be transformed to areal rate constants (kA=(eh)*k, 
where kA is the areal rate constant, e is the porosity, and h is water depth) to allow 
comparison with other values reported in the literature.  The kA values derived in the 
experiment ranged from 12 to 27 m/yr, which is in the range of kA values (6 to 68 m/yr, 
average kA =22 m/yr) reported for other CWs treating livestock wastewater (Knight et al., 
2000). 
The evaluation of BOD constants may be correlated with actual CW performance.  
Though not widely employed, the Thomas‟ Graphical method of determining a rate 
constant for BOD reduction is useful because it provides a method for determining the 
rate constant without sampling along transects within the CWs (assuming that time is 
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proportional to a transect).  A disadvantage of the method is that the test is performed in 
BOD bottles that are not necessarily representative of the environment in the wetland.  
This graphical method shows strong correlation for the wastewater inlet data (R
2
=0.98); 
however, the correlation with the outlet of CW7 data (R
2
=0.67) is not as strong. The 
Thomas‟ Graphical Method assumes that the BOD reaction kinetics follow a pseudo first-
order reaction rate that is dependent on concentration.  Levenspiel (1972) shows reactions 
may experience a shift in order as concentration decreases, which may explain the non-
linearity of some data plotted in Figure 13.  The same experimental data from Figure 13 
is plotted in Figure 14 to show the trends that exist prior to data transformation.  Figure 
14 data are plotted with their corresponding first-order reaction curves.  The decaying 
curve represents a model of the depletion of organic matter (Lt) due to biological 
consumption, and the increasing curves represent the BOD achieved over a given time 
period. 
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Figure 13: The Thomas‟ Graphical method for determining BOD constants: k and Lo. 
 
 
 
Figure 14: Plot of first order reaction kinetics illustrating the theoretical removal of 
oxygen and the equivalent organics.   
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Evapotranspiration 
Knowing the hydraulic loading rate of CWs is essential for determining the mass 
loading rate of measured parameters flowing out of the system.  ET was not measured in 
this study, but field observations made it apparent that the influent hydraulic loading rate 
was greater then the outlet hydraulic loading rate on sunny summer days.  Measuring ET 
directly is difficult because there are many factors affecting the rate of ET, such as 
temperature, vegetation cover, solar radiation, wind speed etc. 
  When ET is predicted with a model it is called potential evapotranspiration 
(PET).  Two, of the many, methods for estimating the water losses due to PET are the 
Thornthwait and Penman equations.  The Thornthwait method is widely used because of 
its simplicity and widely available air temperature data that is used in the model.  The 
Penman equation incorporates more of the parameters that affect ET, such as solar 
radiation, wind speed, and relative humidity.   The Penman method was used to calculate 
PET that occurred in the 12 pilot-scale CWs for this research.  This method accounts for 
an input of energy and a mechanism to remove the water vapor at the evaporation surface 
(Ward and Trimble, 2004).  The Penman method is acceptable for short green crops that 
have a constant supply of water (Ward and Trimble, 2004).  An on-site weather data 
logger was used to supply hourly temperature, precipitation, and wind speed.  The local 
NOAA weather station was used to supply relative humidity.  Monthly incoming solar 
radiation (Rs) measured and averaged from 1961 to 1990, for Burlington, VT, was input 
into the Penman equation for potential ET.  The Penman equation used in this research 
was developed from Ward and Trimble (2004): 
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))(53.00.1(43.6)( 2 dsn
tp
eeuGR
E  
 Where: 
Etp = potential evapotranspiration (mm/day) 
bsn RRR )1(  
 Where: 
α = albedo (dimensionless) 
Rn = net radiation (MJ/m·d) 
Rs = solar radiation received horizontally on the earth‟s surface (MJ/m·d)  
Rb = net outgoing solar radiation (MJ/m·d) 
 Where: 
 
bo
SO
S
b Rb
R
R
aR  
  Where: 
  RSO = solar radiation on a cloudless day (MJ/m·d) 
  a and b = coefficients for the applicable climate 
  4TRbO  
   Where: 
   T = mean temperature (K) 
σ = 4.903 X 10-9 (MJ/(m2·day·K4)) 
))273(1077.7exp(261.002.0 24 TX  
G = heat flux density to the ground (MJ/m·d) 
λ = latent heat of vaporization (MJ/kg) 
u2 = wind speed 2 m above ground (m/sec) 
es - ed = vapor pressure deficit (kPa) 
 Where: 
 
3.237
9.11678.16
exp
T
T
es  
)100/(RHee sd  
Where: 
RH = relative humidity (%) 
000116.0]8072.000738.0[200.0 7T  
 Where: 
Δ = slope of saturation vapor pressure-temperature curve (kPa/°C) 
T = mean temperature (°C) 
622.0
Pcp
 
Where: 
γ = phsychometric constant (kPa/°C) 
cp = specific heat of water at constant pressure (0.001013 kJ/kg·°C) 
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λ = 2.501 – (2.361E-3)T 
P=101.3-0.01055 H 
 Where: 
P = atmospheric pressure (kPa) 
H = elevation (m) 
t
TT
G ii
)(
2.4 11  
 Where: 
G = heat flux density to the ground (MJ/m·d) 
Δt = change in time 
 
Adjusted Hydraulic Loading Rate 
 The first step in the analysis process was converting concentrations into mass 
loading rates.  The mass loading rates were found by combining the flow rates at each 
sampling point with their corresponding concentration.  The flow rates were calculated as 
a hydraulic loading rate (m/day) that corresponded to the surface area of two of the CWs 
in series (2 X 1.7m X 1.1m = 3.74 m
2
), or one CW system in this research.  The surface 
area of two CWs was chosen as a convention for loading rates in this research; this 
convention is analogous to hydrologists using the surface area of a catchment area for 
converting runoff volume into a unit length (ex. in, mm, etc.).  The influent loading rate 
for this research was calculated as flow rate divided by surface area (for 2008: 0.144 
(m
3
/day)/ 3.74(m
2
) = 0.039 (m/day); for 2007:  0.071 (m
3
/day)/ 3.74(m
2
) = 0.019 
(m/day)).  The influent loading rate is considered constant so the conversion from a 
concentration to a mass loading rate is relatively straightforward (e.g. for 2008: 
0.039(m/day) X 2,537,000(mg BOD/m
3
) = 98,943 mg/(m
2 
day)).  This loading rate refers 
to a mass per unit area per day, and it can be converted to a mass per day by multiplying 
by the surface area of a CW system.  The convention of using the surface area in the 
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calculation is helpful when considering the effects of precipitation and 
evapotranspiration.   
The flow at the outlet of each CW is considered different from the influent 
because of precipitation and evapotranspiration affects.  Using the known influent 
wastewater flow rate, the flows at the outlet of each CW were adjusted corresponding to 
the daily precipitation and evapotranspiration (Figures 16 and 17).  Precipitation data was 
collected from an on sight rain gauge, and potential evapotranspiration was calculated 
using the Penman method.  The flow coming out of the CWs was calculated with a 
MATLAB program that considered the affects of ET and PT on each CW.  The 
calculated flow rates were combined with the concentrations of the weekly measured 
parameters to obtain mass loading rates that were used in both time series analysis and 
ANOVA.  Error is associated with adjusting the hydraulic loading rates, but I consider 
the new hydraulic loading rates to be more accurate then assuming no change occurred to 
the water volume in the CWs.  Modeling the potential ET provides a realistic perspective 
of the dynamic water budget that occurs in a wetland.  The ET calculated with the 
Penman Method for this research obtained results that are reasonable when compared to 
other regional estimates for PET (Ward and Trimble, 2004).  Other factors, such as water 
seepage, will be considered negligible for the mass balance of the CWs in this research.  
Following is a diagram depicting the mass balance approach used for the water budget in 
this research: 
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Figure 15: Schematic of the water budget considered for the constructed wetlands in this 
research. 
 
 
Figure 16: Precipitation, evapotranspiration, and the adjusted hydraulic loading rates for 
2007. 
 
Qin Qout 
PT ET 
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Figure 17: Precipitation, evapotranspiration, and the adjusted hydraulic loading rates for 
2008. 
 
Tracer Study Analysis 
 Tracer studies were implemented in this research to quantify the time that various 
fractions of water spend in the pilot-scale CWs.  Bromide was used as a conservative 
tracer.  For one of the tracer experiments 18.3 g of potassium bromide (KBr) was mixed 
with 1.0 liter of influent dairy wastewater.  The KBr solution was then poured into the 
inlet line of CW 2.  The inflow was 100 ml/min so all of the solution would have entered 
the CW within 10 minutes.  An ISCO automated sampler was set at the outlet of the CW 
to sample incrementally over a 5 day period.  The ISCO samples were then analyzed 
using an ion chromatograph. 
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 Tracer tests were successful for one first in-series HF CW and one first in-series 
VF CW (Figure 18).  Some trial and error was required for getting the sampling intervals 
to work.  The hydraulic detention time and mass recovery were calculated from the tracer 
bromide concentrations, using methods from Levenspiel (1972) and Kadlec and Knight 
(1996).  The actual residence time was found to be 77 hours for the HF CW and 52 hours 
for the VF CW.  The HF CW and the VF CW had mass recoveries of 76% and 65% 
respectively.  The BR concentration curve tails did not return to background 
concentration levels during the measurement period.  This error in tracer studies can be 
accounted for by extrapolating from the data points past the second inflection, often as an 
exponentially decreasing function (Kadlec and Knight, 1996). 
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Figure 18: Tracer test results for one VF CW and one HF CW.  Sub-figure a shows the 
actual measurements from the tracer tests and the vertical bars represent the mean 
residence time for water in the corresponding CW.  Sub-figure b shows models that were 
a good fit for the tracer test measurements. 
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Geostatistics: Time-Series Temporal Semivariogram Analysis 
Time series temporal analysis was used to describe the autocorrelation associated 
with parameter measurements in the CWs over time.  The adjusted loading rates were 
used in this analysis.  For this study, CW loading rates were averaged according to their 
CW type (Table 6) for the distinct days that samples were collected.  Using MATLAB 
semivariograms were created for each CW type to test for temporal correlation, in the 
measured parameters, using the following equation adapted from Isaaks and Srivastava 
(1989): 
2
)|,(
)(
)(2
1
)(
TTji
ji
ij
vv
TN
T , 
where γ is the semi-variance for all data pairs (v) that are separated by a certain time 
period (T), and the N refers to the number of data pairs.  The time (Tij) spacing between 
each data pair is allowed to be approximated by T, such that all data pairs that fall within 
a certain range of T will be averaged together in a bin.  The „structure‟ of the data can be 
found by plotting the average semi-variance in each bin with the average time distance 
within each bin.  Describing the extent of temporal correlation is important for testing the 
dependency of data over time, and for determining trends in the data.   
Temporal semivariance analysis shows that the measured parameters have 
varying correlation over time (Figure 19-Figure 21).  In general, it is true that samples 
that are collected closer in time are more correlated.  Semivariance models can be used to 
describe the trend of temporal autocorrelation.  The semivariogram plots have 95% 
confidence bands that were calculated with the following equation: 
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n
CI
2
96.1 , 
where CI represents the confidence interval, the  represents the mean of the 
semivariances in one bin, 2  represents the standard deviation of the semivariances in 
one bin, and n represents the number of semivariance points in a bin. 
 
 
Figure 19: An example of semivariances being binned to form a semivariogram. 
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Figure 20: Semivariograms for the two in-series CW systems showing similar trends in 
2008 for BOD. 
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Figure 21: Semivariogram for CW water temperature in 2008. 
 
Statistics: Analysis of Variance 
 
Analysis of variance (ANOVA) was used to describe the differences between 
each CW category used in this research.  The null and alternative hypotheses for the one 
way ANOVA are: 
Slag-HFSlag-VFHF-HFHF-VFHFupper VFupper inleta
Slag-HFSlag-VFHF-HFHF-VFHFupper VFupper inlet0
            :
            :
H
H
 
Along with the one way ANOVA, Fisher‟s LSD multiple comparison test was used to 
categorize the CWs into significantly different groups that are represented by letters in 
the following tables. 
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Table 27: BOD5 (mg/(m
2
 ·day)) LSD multiple comparisons test for Fall in 2007. 
LSD 
Grouping Mean N Location       
A 105001 7 Inlet    
B 26570 6  upper HF (outlets of CWs 2 and 4) 
B 20832 7 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 16071 8 HF-Slag (outlet of CW 10)  
B 14727 6 HF-HF (outlet of CW 8)  
B 13441 5 VF-HF (outlets of CWs 7 and 9) 
B 11178 7 VF-Slag (outlets of CWs 11 and 12) 
 
Table 28: DRP (mg/(m
2
 ·day))) LSD multiple comparisons test for Fall in 2007. 
LSD Grouping Mean N Location       
 A 2004.6 11 Inlet    
 B 827 12 upper VF (outlets of CWs 1, 3, 5, and 6) 
C B 705.5 12  upper HF (outlets of CWs 2 and 4) 
C B 654 12 VF-HF (outlets of CWs 7 and 9) 
C  503.6 12 HF-HF (outlet of CW 8)  
 D 5.2 12 VF-Slag (outlets of CWs 11 and 12) 
 D 1.3 12 HF-Slag (outlet of CW 10)  
 
Table 29: TSS (mg/(m
2
 ·day))) LSD multiple comparisons test for Fall in 2007. 
LSD 
Grouping Mean N Location       
A 22307 7 Inlet    
B 11332 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
C 2803 8 upper HF (outlets of CWs 2 and 4) 
C 1501 8 VF-Slag (outlets of CWs 11 and 12) 
C 1340 8 HF-Slag (outlet of CW 10)  
C 1296 8 VF-HF (outlets of CWs 7 and 9) 
C 1027 8 HF-HF (outlet of CW 8)  
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Table 30: Ammonia (mg/(m
2
 ·day))) LSD multiple comparisons test for Fall in 2007. 
LSD 
Grouping Mean N Location       
A 9229.1 12 Inlet    
B 4416.7 13 upper HF (outlets of CWs 2 and 4) 
B 4179.6 13 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 3414.5 13 VF-HF (outlets of CWs 7 and 9) 
B 3377.1 13 HF-Slag (outlet of CW 10)  
B 3270.3 13 HF-HF (outlet of CW 8)  
B 2802.3 13 VF-Slag (outlets of CWs 11 and 12) 
 
Table 31: BOD5 (mg/(m
2
 ·day))) LSD multiple comparisons test for early summer in 
2008. 
LSD Grouping Mean N Location       
A 220275 7 Inlet    
B 60745 6  upper HF (outlets of CWs 2 and 4) 
B 45416 7 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 43037 6 HF-Slag (outlet of CW 10)  
B 38003 6 VF-Slag (outlets of CWs 11 and 12) 
B 32466 5 HF-HF (outlet of CW 8)  
B 28165 6 VF-HF (outlets of CWs 7 and 9) 
 
Table 32: BOD5 (mg/(m
2
 ·day))) LSD multiple comparisons test for late summer in 2008. 
LSD Grouping Mean N Location       
 A 173491 8 Inlet    
 B 17104 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
 B 16463 8  upper HF (outlets of CWs 2 and 4) 
 B 14716 8 VF-Slag (outlets of CWs 11 and 12) 
C B 14439 8 HF-Slag (outlet of CW 10)  
C D 8994 8 VF-HF (outlets of CWs 7 and 9) 
 D 7875 8 HF-HF (outlet of CW 8)  
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Table 33: DRP (mg/(m
2
 ·day))) LSD multiple comparisons test for early summer in 
2008. 
LSD Grouping Mean N Location       
A 3570.7 8 Inlet    
B 1572.7 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 1478.5 8  upper HF (outlets of CWs 2 and 4) 
B 1190.7 8 VF-HF (outlets of CWs 7 and 9) 
B 1131.5 8 HF-HF (outlet of CW 8)  
C 10.8 8 VF-Slag (outlets of CWs 11 and 12) 
C 6.3 7 HF-Slag (outlet of CW 10)  
 
Table 34: DRP (mg/(m
2
 ·day))) LSD multiple comparisons test for late summer in 2008. 
LSD Grouping Mean N Location       
A 2914.5 6 Inlet    
B 1439.5 6 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 1313.2 6  upper HF (outlets of CWs 2 and 4) 
B 1098.7 6 HF-HF (outlet of CW 8)  
B 1081.3 6 VF-HF (outlets of CWs 7 and 9) 
C 11.7 5 HF-Slag (outlet of CW 10)  
C 11.2 6 VF-Slag (outlets of CWs 11 and 12) 
 
Table 35: TSS (mg/(m
2
 ·day))) LSD multiple comparisons test for early summer in 2008. 
LSD Grouping Mean N Location       
A 54032 7 Inlet    
B 10196 7 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 9037 7 HF-Slag (outlet of CW 10)  
B 6955 7  upper HF (outlets of CWs 2 and 4) 
B 4233 7 VF-Slag (outlets of CWs 11 and 12) 
B 4074 7 VF-HF (outlets of CWs 7 and 9) 
B 4056 7 HF-HF (outlet of CW 8)  
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Table 36: TSS (mg/(m
2
 ·day))) LSD multiple comparisons test for late summer in 2008. 
LSD Grouping Mean N Location       
A 62912 8 Inlet    
B 3769 8  upper HF (outlets of CWs 2 and 4) 
B 3229 8 upper VF (outlets of CWs 1, 3, 5, and 6) 
B 2973 8 HF-Slag (outlet of CW 10)  
B 1983 8 VF-HF (outlets of CWs 7 and 9) 
B 1680 8 VF-Slag (outlets of CWs 11 and 12) 
B 1640 8 HF-HF (outlet of CW 8)  
 
Table 37: Ammonia (mg/(m
2
 ·day))) LSD multiple comparisons test for late summer in 
2008. 
LSD Grouping Mean N Location       
 A 17299 6 Inlet    
 B 8067 6 upper VF (outlets of CWs 1, 3, 5, and 6) 
 B 7942 6  upper HF (outlets of CWs 2 and 4) 
C B 6201 6 HF-HF (outlet of CW 8)  
C B 5796 6 VF-HF (outlets of CWs 7 and 9) 
C B 5002 6 HF-Slag (outlet of CW 10)  
C  4246 6 VF-Slag (outlets of CWs 11 and 12) 
  
Geochemical Modeling 
Geochemical modeling using Geochemist‟s Workbench (GWB), chemical 
speciation program, was used to predict the minerals that form when the chemical oxides 
on EAF steel slag react with the P rich wastewater from the UVM Paul Miller Dairy 
Farm.  The water species measured at the effluent of CW 6 in September of 2007 were 
used as the basis solution used for modeling (Table 38).  The basis is defined by the 
constraints on the initial system.  The mass of the solvent, minerals present in the system, 
fugacities of gasses in the atmosphere, quantities of any component dissolved in the 
system, pH, and Eh are used to define the activities of chemical species in the initial 
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system (Bethke, 1996).  The GWB is an equilibrium based model, so all of the chemicals 
in the basis solution along with the added reactants are used by the modeling software to 
find the equilibrium state of the system (Bethke, 1996).  Consequently, some of the 
equilibrium reactions solved by the GWB are unrealistic, because some of the minerals 
formed (defined as saturated in solution) in the model do not actually occur at 
atmospheric pressures and temperatures.  For the modeling experiment we suppressed 
these unrealistic minerals.  An example of some suppressed minerals are: hematite, 
magnetite, and goethite.  The thermodynamics of some of these saturated minerals are 
known to form in geological zones with volcanic or metamorphic activity.  In these cases 
the energy of the reaction shows that the reaction will go forward, but the required 
activation energy is greater then what will be experienced at atmospheric pressures and 
temperatures (Limousin et al., 2007). 
For this modeling experiment quantities of steel slag material were added to the 
basis solution as reactants (Table 41); this is analogous to a titration of the mass fraction 
of oxides on slag into the P rich wastewater solution.  This is a batch modeling 
experiment that does not represent exactly what is happening in the field, but it is used 
for simplicity.  Trying to define a deterministic model that captures all of the physics in 
the pilot scale flow through steel slag filter will introduce uncertainty, because it is not 
clear how the water is flowing through the filter. 
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Table 38: Geochemical modeling basis solution.  The quantity of water is representative 
of the pore volume of one pilot-scale steel slag filter.  Carbonate (HCO3
-
) concentration is 
assumed because of the large concentration of organics measured in the wastewater. 
Basis solution Species 
374 H2O (kg as solvent) 
16.2 SO4
2-
 (mg/l) 
1 O2 (mg/l) 
110.6 Ca
2+
 (mg/l) 
28.9 Fe
2+
 (mg/l) 
391.5 K
+
 (mg/l) 
40.9 Mg
2+
 (mg/l) 
3.4 Mn
2+
 (mg/l) 
227.7 Na
+
 (mg/l) 
6.95 H
+
 (pH) 
50 Cl
-
 (mg/l) 
100 HPO4
2-
 (mg/l) 
100 HCO3
- 
(mg/l) 
 
Outcomes of the titration equilibrium model is useful to represent the possible 
outcomes of water:rock ratios that exist in the pilot-scale steel slag filter.  A decrease in 
the water:rock ratio represents more slag material reacting with the water.  More slag can 
react with water if it is exposed to a large amount of reactable slag.  Calcium and iron 
oxides on the slag are the primary slag oxides that are removing P from solution.  A 
conservative volume of reactable slag material could be represented by 25 μm of the slag 
surface multiplied by a specific surface area for EAF steel slag of 0.6 m
2
/kg (Forget, 
2001), for 10-20 mm grain size (Table 39). 
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Table 39: Calculation for reactable slag in one pilot-scale steel slag filter. 
Reactable slag 
(m
3
/kg) Mass of slag in field (kg) 
Volume of slag reacting in 
field (m
3
) 
Reactable mass 
of slag in field 
(kg) 
25X10-6 (m) X 0.6 
(m2/kg)= 1.5X10-6 
(m3/kg) 
2478 0.0372 98 
 
Furthermore, it is known from column-scale experiments that slag has a capacity 
for removing P (1.5 g P/kg slag, before P removal efficiency drops below 72%) and this 
capacity can be used to find a rough ratio (Table 40) for how much of the primary slag 
oxides may react for each slug of water.  The ratio can represent how much of the total 
reactable slag will react with each pore water volume (374 liters) of wastewater solution.  
This small fraction of slag, that may potentially react, can be multiplied by the total 
reactable slag to determine a back of the envelope estimate of the mass of slag reacting 
for each slug of water (Table 41).  This mass of slag reacting with each slug of 
wastewater was used to define the reactants in the modeling experiment based on 
knowledge of the mass fraction of the chemical oxides comprising the steel slag. 
 
Table 40: Ratio of phosphorus in pore water to the phosphorus that can be removed by 
the pilot-scale slag filter. 
Mass P per pore 
water volume 
(mg) 
mass of slag 
in field (kg) 
capacity of slag 
(g P/kg slag) 
mass of P filter 
can remove (mg) 
Mass P per pore 
water / mass P 
filter can remove 
40 (mg/l) X 374 (l) 
=14960 (mg) 
2478 1.5 3716625 0.004025 
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Table 41: Mass fractions of the chemical constituents on the slag, and the corresponding 
quantities of slag used as modeling reactants. 
element 
mass fraction of slag 
(%g/g), from Drizo et al. 
2002 
actual mass reacting in 
field (g per each pore 
water volume) 
Fe 24.3 
96.3 
Ca 21.7 
86.0 
Si 6.43 
25.5 
Mg 7.89 
31.3 
Al 2.47 
9.8 
Mn 1.01 
4.0 
Ti 2.47 
9.8 
Cr 0.22 
0.9 
P 0.14 
0.6 
Na 0.044 
0.2 
 
The quantity of slag in the steel slag filters that is reacting with the wastewater 
solution is complicated because the surface of the slag material changes over time.  
Initially all surfaces of the slag will be exposed, so large quantities of slag will react with 
the slugs of water moving through the slag filters (low water: rock ratio).  The water:rock 
ratio will increase as portions of the slag become covered with organics and other reacted 
minerals.  The slag surface becomes more recalcitrant overtime, further increasing the 
water:rock ratio.  It can be argued that longer hydraulic retention times will result in an 
decreased water:rock ratio because more slag material will enter the solution over time.  
Inskeep (1988) investigated the kinetics of calcite reacting with phosphorus to form 
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hydroxyapatite and argued that the rate limiting step for the formation of hydroxyapatite 
is dependent on the diffusion of Ca
2+
 and PO4
3-
 on the surface of the mineral.   
It has been determined that calcium and iron oxides reach an equilibrium quickly, 
so using an equilibrium model is not very unrealistic in terms of the kinetics of slag 
reactions. 
The results show that phosphorus is removed from solution after the initial 
reaction step, and after approximately 15 reaction steps the pH is greater then 9.  The 
reaction steps represent incremental decreases in the water:rock ratio and the mass of 
reactants added at each time step is represented in Table 42.  The change in concentration 
of some elements in the wastewater is illustrated in Figure 22, and the formation of 
hydroxyapatite and calcite are modeled in Figure 23.  This modeling experiment helps to 
illustrate that a water:rock ratio that falls between one modeling step and 15 modeling 
steps is ideal for a slag filter.  The pilot-scale filter in this experiment is proposed to have 
a water:rock ratio that is approximately seven times lower then what the minimum 
water:rock ratio should be, based on the idea that a pH greater then 9 is undesirable 
(Figure 24).  If the filter was built with this increased water:rock ratio the filter would 
have a shorter life span for removing phosphorus. 
 
 
 
 
 111 
 
Table 42: Summary of reactants added for modeling experiment.  The reactants added at 
step 15 out of 100 represents the maximum mass of reactable slag that should react with 
the wastewater to maintain a pH < 9. 
Reactants 
Mass added 
per step (g) 
mass added at 15 
steps out of 100 
(g) 
Al2O3 0.098 1.372 
CaO 0.86 12.04 
Fe2O3 0.963 13.48 
MgO 0.313 4.382 
MnO 0.04 0.56 
P2O5 0.006 0.084 
SiO2 0.255 3.57 
TiO2 0.098 1.37 
 
Hydraulic retention time is not considered in this model but studies show that 
shorter hydraulic retention times result in a lower pH effluent value.  A possible design 
for a slag filter could be an unsaturated flow filter that allows water to quickly flow 
through the system.  This would increase the time until the slag becomes saturated with 
P. 
In conclusion, it is essential to consider the water:rock ratio when using slag 
filters.  Small water:rock ratios result in unacceptable levels of pH that would require 
further treatment to reduce the pH.  Water:rock ratios that are too high are a concern 
because they will result in a steel slag filter that does not have a great longevity.  This 
model is used to speculate what happens to P as the water:rock ratio decreases.  To make 
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this model more meaningful a laboratory experiment could determine what happens when 
a known P solution reacts with different quantities of slag.  Incorporating kinetics into 
this model would help to further quantify the dissolution and reaction rates of the varying 
components of slag overtime.  
mslee Thu Apr 02 2009
0 50 100 150 200 250
–10
–9
–8
–7
–6
–5
–4
–3
Mass reacted (grams)
P
a
rt
ia
l 
fl
u
id
 c
o
m
p
. 
(l
o
g
 m
o
l/
k
g
)
Phosphorous and Slag Reaction
Aluminum
Calcium
Iron
Phosphorus
Magnesium
 
Figure 22: Model results for concentrations of some of the elements in the wastewater as 
more slag reacts with the wastewater (water:rock ratio decreases). 
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Figure 23: Model results showing that hydroxyapatite and calcite are both mineralizing 
in the P rich wastewater; for these results hydroxyapatite forms initially. 
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Figure 24: Change in pH and phosphorus as more slag is reacted with the wastewater 
(e.g. water:rock ratio is decreasing from left to right).  There is a range where almost all 
phosphorus is removed from solution and pH is still fairly neutral. 
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C. Site Description 
 
Figure 25: Basic dimensions of the VF and HF pilot-scale CWs used in this research. 
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Figure 26: View of the CWs in June of 2008. 
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Figure 27:  Representative macrophyte growth during the 2008 CW operation period in CW 9. 
